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ABSTRACT 

This report describes the design and development of a Gas Supply System for 

Hermetically Sealed Platforms. Immediate interest in this system is for 

future applications of the ST-124 stabilized platform for the Saturn V 
Instrument Unit. 

The Gas Supply System is composed of (1) a Recirculation Subsystem which 

continuously compresses nitrogen from the platform and recirculates it to 

the gas bearings used in the AMAB-3 accelerometers and the AB-5 gyros, and 

(2) a Gas Make-up Subsystem for feeding nitrogen into the Recirculation 

Subsystem at a rate sufficient to match any reasonable leakage rate from 

the circulating loop to space ambient. 

The major accomplishment of the program has been development of a unique 

type of compressor for the Recirculation Subsystem. The compressor, referred 

to as a Resonant Piston Compressor, has been designed for (1) a minimum 

of 10,000 hours of continuous, maintenance-free operation, (2) zero contam- 

ination of the nitrogen gas, (3) hermetically sealable construction, (4) oper- 
ation during launch, and (5) operation over an ambient temperature range of 0 

to 6OoC. 

Preliminary testing of two compressors at MTI has successfully demonstrated 

the compressor concept. 

the units is presently underway at NASA-MSFC, with more than 2700 hours 
of trouble-free operation now accumulated on one machine. 

most significant aspects of compressor performance is the almost 60 percent 

overall efficiency (adiabatic) demonstrated at design-point flow and pressure 

rise. 

at a somewhat higher pressure rise. 

ating principles of the compressor, and further reduction of internal 

leakages, it appears that efficiencies in the range of 80 to 85 percent 

should be attainable. 

Additional long-term and environmental testing of 

One of the 

A maximum efficiency of almost 75 percent has also been demonstrated 

With better understanding of the oper- 
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I. INTRODUCTION 

Mechanical Technology Incorporated, under NASA contract NAS 8-11660, has developed 
a "Prototype Gas Supply System for Hermetically Sealed Platforms". 

was performed for the Inertial Sensors and Stabilizers Division of the Astrionics 

Laboratory, George C. Marshall Space Flight Center. 

This work 

The Gas Supply System constitutes a means for providing a 10,000 hour supply 

of pressurized nitrogen to the gas bearings used in the AMAB-3 accelerometers 
and the AB-5 gyros for the ST-124 stabilized platform. 
function, the Gas Supply System is composed of two major subsystems as follows: 

To accomplish this 

1. a Recirculation Subsystem which continuously recompresses the nitrogen 
from the discharge side of the bearings and recirculates it to the 
inlet side of the bearings; 

2 .  a Gas Make-up Subsystem comprised of a small high-pressure nitrogen 

reservoir and a means for feeding gas from the reservoir into the 

Recirculation Subsystem at a rate sufficient to match any reasonably 

small out-leakage rate from the circulating loop to space ambient. 

The heart of the Recirculation Subsystem, and, in fact, of the whole Gas Supply 

System, is the nitrogen compressor. The requirements for this compressor are: 

1. long, maintenance-free life (in excess of 10,000 hours continuous 

operation) 

2. hermetically sealable construction 

3 .  truly non-contaminating operation (less than one part per million by 

weight of condensable hydrocarbon content) 

4 .  ability to operate during launch 
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;. 
5 .  ability to operate over an ambient temperature range of 0 to 60 C 

6. minimum possible drive power 

7 .  minimum weight and size consistent with the above objectives. 

The above requirements are beyond the capabilities of any conventional or commer- 

cially available compressor. They may, however, be attainable using a non- 

conventional compressor if the compressor concept is based upon inherent satis- 

faction of items 1 and 3 above. This was the approach taken by MTI in the 

development of the compressor for the Gas Supply System. 

Description of MTI Compressor Concept 

The MTI compressor concept is presently referred to as a Resonant Piston 

Compress-or. Aerodynamically, the unit is a high-speed reciprocating compressor 
in which gas flow is controlled by an inlet port and a discharge valve. Mechan- 

ically, the compressor differs significantly from the usual crankshaft/connecting 

rod, or cam actuated, reciprocating designs. In essence, the piston is part of 

a mass-flexure system which is driven electromagnetically in a resonant mode 

of vibration. Crankshaft and connecting-rod, or cam and cam-follower, mechanisms 

are completely eliminated. The advantages which accrue from such a drive 

mechanism are as follows: 

1. All relative motion bearings, both rotary and linear varieties, are 
completely eliminated, thus eliminating the need for lubrication of 

any kind in the piston actuation system. 

2 .  Elimination of a l l  relative motion bearings in the actuation system 

greatly reduces, of course, the total number of component drive parts. 

Inherent reliability is greatly increased provided peak stresses 

are well below the endurance limit of the flexure material. 

3 .  Elimination of all relative motion bearings in the actuation system 

greatly increases the mechanical efficiency of the compressor, since 

the only mechanism losses are now internal material damping in the 

flexures and external windage effects, both of which are very small 

in a resonant flexural system. 
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While i t  has been p o s s i b l e  t o  e l iminate  bear ings from t h e  p i s t o n  a c t u a t i o n  
I 2 .  

system, t h e r e  must s t i l l  be a l i nea r  bea r ing  between t h e  p i s t o n  and t h e  cy l inde r  

i n  o rde r  t o  maintain a seal  around t h e  p i s t o n  a s  t h e  gas i s  compressed. The 

usua l  approach t o  t h i s  s e a l i n g  problem has been t o  use p i s t o n  r i n g s  which can 

be  c l a s s i f i e d  a s  follows: 

1. o i l  l u b r i c a t e d  r i n g s ,  which a r e  unacceptable i n  t h i s  a p p l i c a t i o n  f o r  

reasons of contamination, 

2 .  unlubricated t e f l o n  r i n g s ,  which aga in  a r e  unacceptable because of 

l imi t ed  l i f e  c a p a b i l i t y ,  and 

3 .  unlubricated carbon r i n g s  which, while  being r e l a t i v e l y  s u c c e s s f u l ,  

gene ra l ly  r e q u i r e  a conventional p i s t o n  a c t u a t i o n  system using grease- 

packed b a l l  bear ing elements 

The MTI approach t o  p i s t o n  s e a l i n g  is  t o  provide a very c l o s e  c l ea rance  between 

t h e  p i s t o n  and cy l inde r  w a l l .  

t o  t h e  cy l inde r  w a l l  i s  then used to gene ra t e  a hydrodynamic gas-bear ing a c t i o n  

t o  c e n t e r  t h e  p i s t o n ,  o r  a l t e r n a t e l y ,  a small  bleed flow can be taken from t h e  

compressor discharge t o  p re s su r i ze  the  space between t h e  p i s t o n  and cy l inde r  

w a l l s  thus providing a h y d r o s t a t i c  gas-bearing cen te r ing  a c t i o n .  I n  e i t h e r  

case,  t h e  a c t u a l  gas being compressed, i . e . ,  t h e  system f l u i d ,  i s  t h e  f l u i d  

which is used t o  l u b r i c a t e  t h e  p i s ton .  The c l o s e  clearance between p i s t o n  

and c y l i n d e r  reduces compressor leakage t o  small  va lues ,  while  t h e  gas-bearing 

a c t i o n  e l imina te s  rubbing con tac t  between t h e  p i s t o n  and cy l inde r  w a l l s .  As 

a r e s u l t ,  a ve ry  low- f r i c t ion ,  long-l ived,  contamination-free p i s t o n  s e a l i n g  

means i s  obtained.  

The r e l a t i v e  motion of t he  p i s t o n  with r e s p e c t  

S t a t u s  .o f  Gas Supply System Development 

Contract  NAS 8-11660 required de l ive ry  of one complete Prototype Gas Supply 

System p l u s  one spare  compressor. 

Subsystem was shipped t o  MSFC i n  February, 1966. 

t h e  Make-up Subsystem were shipped i n  June, 1966. 

The first compressor f o r  t h e  Rec i r cu la t ion  

The spare  compressor and 
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N o  difficulty was encountered in meeting the compressor flow versus pressure 

I 
I 
I 
I 
I 
1 
It 
I 
i 

rise requirement given in the "Scope of Work" for NAS 8-11660. Likewise, there 

have been no mechanical failures in either of the two compressors to date. 

Both compressors were operated for more than 110 hours at MTI before shipment 
to MSFC. The significance of these test hours lies in the fact that the "knee" 

of the S - N  curve for both the discharge valve and the resonant spring material 

is reached in about 1x10 cycles of piston displacement, which corresponds to 

4 . 6 3  hours of operation. Thus the 150-plus test hours accumulated at MTI was 

more than sufficient to demonstrate successfuloperation of the basic compressor 

concept. Beyond this point it is a question of long-term effects, which can 

only be identified by long-term operation. Such long-term operation is present- 

ly being accumulated by MSFC. A s  this report is being written, the first and 

second delivery compressors have accumulated over 2700 and 500 hours respective- 

ly of trouble-free operation at MSFC. 

6 

In addition to failure-free operation to date, compressor design flow and 

pressure rise have been obtained with approximately 72 watts electrical input 

power to the drive solenoid. This gives promise that the total power drain on 

the vehicle power supply (which will include compressor drive circuit losses) 
will be much less than the 150 watt maximum allowed in the %cope of Work" 

for NAS 8-11660. 

The electrical drive concept for the compressor utilizes solid-state switching 

circuitry to generate a 30 hz sinusoidal current waveform in the solenoid 

coil from a 28 VDC power supply. Although MTI did not demonstrate operation 

of the drive circuit at full compressor output, it is understood that MSFC 

has obtained full-power performance of the concept by a redesign of the trans- 

former which couples the switching circuit to the drive solenoid. The compressor 

can also be driven directly from a 60 hz a-c power supply by simply inserting 

a diode in series with the solenoid coil. 

The following sections of this report document the design of the Prototype 

Gas Supply System. While environmental testing of the compressor at MSFC 

has identified some deficiencies in the compressor mounting system, MTI 

believes that these deficiencies can be corrected by simple modification to 
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the mount design. The modifications are discussed in Section I11 of this report. 

MTI has also recommended a slight rearrangement of the platform AP regulating 

components to obtain a better match between compressor operating characteristics 

and AP regulation requirements. 

by MSFC tests, is described in Section V. 

I 

This rearrangement, which has been confirmed 
E 
8 
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11. SYSTEM DESIGN 

System S p e c i f i c a t i o n  

The o r i g i n a l  s p e c i f i c a t i o n  -3r t h e  Gas Supply System i s  given i n  Exh ib i t  A of 

c o n t r a c t  NAS 8-11660. The f i r s t  s eve ra l  pages of Exh ib i t  A con ta in  t h e  

t e c h n i c a l  a s p e c t s  of t h e  s p e c i f i c a t i o n  and a r e  included i n  Appendix A of t h i s  

r e p o r t  f o r  r e fe rence  purposes.  

System Configuration 

Subsequent t o  c a r e f u l  review of t h e  System S p e c i f i c a t i o n  and prel iminary d i s -  

cussions with s e v e r a l  component vendors, MTI recommended a system conf igu ra t ion  

a s  shown i n  Figure 1. This configurat ion d i f f e r s  from t h e  r e fe rence  configura- 

t i o n  of Exh ib i t  A (shown on page A-3) i n  t h e  following a s p e c t s .  

1. An abso lu te  p re s su re  r egu la to r  ( i t e m  S of Figure 1) i s  used i n  t h e  

Gas Make-up Subsystem i n  place of t h e  pressure-switch ac tua ted  solenoid 

va lve .  The advantages which accrue a r e  

a )  t h e  platform ambient pressure (which i s  a l s o  compressor i n l e t  

p re s su re )  can be held within ,+ 0 .5  p s i ,  a s  compared t o  f 1 . 5  p s i  

f o r  t he  pressure-switch/solenoid-valve combination; 

b) t h e  s i n g l e  p re s su re  r egu la to r  should be more r e l i a b l e  than t h e  

pressure-switch/solenoid-valve combination. 

2 .  A r e l i e f  valve (i tem R of Figure 1) i s  provided t o  maintain platform 

ambient p re s su re  between 1 7  and 19 p s i a  i n  t h e  event t h a t  t h e  abso lu te  

p re s su re  r e g u l a t o r  (i tem S) should f a i l  i n  an open p o s i t i o n .  

3 .  A c a l i b r a t e d  o r i f i c e  (i tem J of Figure 1) i s  used t o  l i m i t  flow from 

t h e  high-pressure n i t rogen  r e s e r v o i r  i n  the  event t h a t  t h e  abso lu te  

p r e s s u r e  r e g u l a t o r  (i tem S) should f a i l  i n  an open p o s i t i o n .  
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The Rec i r cu la t ion  Subsystem a s  shown i n  Figure 1 i s  b a s i c a l l y  t h e  same a s  shown 

i n  t h e  r e fe rence  conf igu ra t ion  of Exhibit  A (shown on page A-3) except t h a t  

(1) an a d d i t i o n a l  gas coo le r  i s  used t o  cool i n l e t  gas t o  t h e  compressor, (2)  
t h e  l i q u i d  coolant f o r  t h e  two gas coo le r s  a l s o  flows around t h e  compressor 

d r i v e  solenoid t o  remove i R c o i l  l o s ses ,  and (3) a r e s t r i c t o r  ( i t e m  F of Figure I) 
i s  placed i n  t h e  low-pressure s i d e  of t h e  d i f f e r e n t i a l  p re s su re  r e g u l a t o r  

( i t e m  E) t o  l i m i t  by-pass leakage flow around t h e  p l a t fo rm i n  t h e  event t h a t  

t he  r e g u l a t o r  diaphragm should f a i l .  

I 
I 
I 

2 

I Component S p e c i f i c a t i o n s  

Subsequent t o  approval of t h e  Gas Supply System concept a s  shown i n  Figure 1, 

a s p e c i f i c a t i o n  was prepared f o r  each of t he  system components which would be  

purchased from o u t s i d e  vendors. These component s p e c i f i c a t i o n s  a r e  included 

i n  Appendix B of t h i s  r e p o r t  f o r  reference purposes.  

I 
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111. COMPRESSOR DESIGN 

The compressor for the Gas Supply System is a single stage, reciprocating, 

resonant piston compressor with a valved discharge and a ported inlet. 

valved discharge improves the efficiency of the compressor and makes the design 

more predictable from both an aerodynamic and mechanical standpoint. 

inlet, while being less efficient than a valved inlet, provides a very convenient 

means of getting the required inlet flow area with the utmost of simplicity 

and reliability. The unique features of the compressor - that is, the 
resonant vibration mode of operation and the elimination of all bearings except 

for the close-clearance gas-lubricated piston seal bearing - are described in 
the introductory section of this report. 

The 

The ported 

Aerodynamic Design 

MTI computer program PNO 195 was used to converge to a set of compressor dimen- 
sions which would produce the required compressor performance over an inlet 

pressure range of 12 to 15 psia. Approximately 30 compressor designs were 

reviewed during the convergence process. The design constraints were: 

a.  platform pressure-flow requirements, 

b. minimum physical size, 

c. minimum cycle power. 

Compressor flow requirements were determined from MSFC curves for the AMAB-3 
accelerometer and the AB-5 gyro, dated September 3 ,  1964. This flow data is 

replotted in Figures 2 and 3 as a function of bearing AP f o r  the t w e  limits 

of platform ambient pressure, 
from Figures 2 and 3 are summarized in Table I below. 

The component flow requirements as determined Pa * 



TABLE I 
REPRESENTATIVE FLOW REQUIREMENTS FOR ONE AMAB-3 ACCELEROMETER 

AND ONE AB-5 GYRO 

Ambient Pressure psia 

12 .o 

15.0 

Flow - std. cc./min. 
AP (min.) 514.5 psi AP (maxJ = 15.5 psi 

AMAB- 3 AB- 5 AMAB- 3 AB- 5 

1960 1590 - 2115 1725 

2215 1795 2395 1945 

- 

Since there are three accelerometers and three gyros in each platform assembly, 

the total platform flow (neglecting leakage) becomes a s  shown in Table 11. 

Ambient Platform 
Pressure - psia 

12 .o 

TABLE II 

RANGE OF TOTAL REQUIRED PLATFORM FLOW (NEGLECTING LEAKAGE) 

AP (min.) = 14.5 psi f lP (max.) = 15.5 psi 

0.376 0.407 

Flow - SCFM 1 

To arrive at the compressor bore/stroke dimensions, estimates of platform and 
compressor leakages were added to the above flow requirements, and an estimate 

of the additional recirculating-loop pressure drop was added to the required 
platform aP. 

converge to a set of compressor dimensions which would best satisfy the flow- 

pressure requirements over the range of 12 to 15 psia inlet pressure. A 

summary of the calculated performance for the selected compressor design is 

given in Table 111. 

inlet pressure conditions are shown in Figures 4 and 5 respectively. 

diagrams are not exact in that the p-V characteristic during the inlet interval 

has been approximated rather than calculated. However, the approximation is 

conservative from a total cycle power standpoint. 

Reiterative use was then m a d e  05 cnmputer  p rcg ram ?!!?e 135 c,= 

Predicted compressor p-V diagrams for the 12 and 15 psia 

These 
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, It is seen from Table I11 that there is considerable flow margin in the compressor 

design to allow for internal platform and compressor leakage, and reasonable 

inaccuracies which may exist in the compressor design (such as estimation of 

discharge coefficients, etc.). In terms of pressure rise, Table I11 shows 
that appreciable pressure margin is obtained as inlet pressure approaches 

15 psia. 
margin approaches zero, i.e., the compressor pressure rise will just equal the 
expected line and regulator drops, plus the 15 psi platform drop. 

pressure condition is therefore the more critical operating condition, with 

As inlet pressure approaches 12 psia, however, the predicted pressure 

The low inlet 

pressure rise being the prime concern. 

TABLE I11 
CALCULATED COMPRESS OR PERFORMANCE 

Piston stroke - 0.5 in. 
Piston diameter - 1.69 in. 
Compressor speed - 3,600 spm 
Compressor inlet temperature - 70 F 
Gas - nitrogen 

1 2 . 0  

15 .O 

0.392 

0 . 4 4 3  

hc) rn 

I 

I I 
I I 

-1- 23 -0  

0 
m L l  

4 0 . 6  

50 .O 

1 
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Discharge Valve Design 

The discharge valve c o n s i s t s  of four c a n t i l e v e r  reeds which a r e  e l a s t i c a l l y  

d e f l e c t e d  t o  an open p o s i t i o n  when cy l inde r  p re s su re  i s  higher  than discharge 

manifold p re s su re .  

whereby valve AP i s  ca l cu la t ed  by matching t h e  t i m e  r a t e  of change of mass i n  

t h e  cy l inde r  t o  mass flow r a t e  through t h e  v a l v e .  This i s  an i n t e r a t i v e  and 

incremental  type of c a l c u l a t i o n  which i s  f u r t h e r  complicated by t h e  f a c t  t h a t  

va lve  flow a rea  i s  a l s o  a function of  valve AP. 

The reeds were s i z e d  by a conventional design procedure 

The goa l  of the valve design e f f o r t  was t o  l i m i t  va lve  AP t o  l e s s  than 3 p s i .  

Several  t r y s  were required t o  find a s u i t a b l e  combination of valve dimensions 

which would s a t i s f y  a l l  t h e  design c r i t e r i a .  

based on only a t h r e e  increment d iv i s ion  of t h e  discharge i n t e r v a l ,  and s i n c e  

on ly  a l imi t ed  number of manual i t e r a t i o n s  were c a r r i e d  out  a t  each c a l c u l a t i o n  

p o i n t ,  a f a i r  amount of conservatism was used throughout t h e  design e f f o r t  

t o  a s s u r e  t h a t  valve AP would indeed be l e s s  than 3 p s i .  

Since t h e  AP c a l c u l a t i o n s  were 

Recently,  i n  connection with another development e f f o r t ,  a d i g i t a l  computer 

program has been w r i t t e n  f o r  c a l c u l a t i o n  of valve performance. 

has been used t o  check t h e  o r i g i n a l  design c a l c u l a t i o n s  f o r  t he  sub jec t  v a l v e .  

The p e r t i n e n t  performance c h a r a c t e r i s t i c s ,  based on t h e  computer s o l u t i o n ,  a r e  

given i n  Table I V  below. 

l e s s  than 3 p s i  which confirms the conservatism of t h e  o r i g i n a l  manual 

s o l u t i o n  procedure. 

This program 

Notice t h a t  maximum valve AP i s  indeed considerably 

TABLE I V  

DESIGN AND PERFORMANCE CHARACTERISTICS OF DISCHARGE VALVE 

Number of r eeds  - 4 

Thickness of reeds - 0.0098 inches 

Reed n a t u r a l  frequency - 394.4 cps 

Maximum reed s t ress ,  open p o s i t i o n  - 21,500 p s i  

Maximum reed stress, closed p o s i t i o n  - 3,338 p s i  

AP t o  f u l l y  open valve - 0.8 p s i  

Maximum valve AP during discharge - 
Maximum valve flow a rea  ( 4  reeds)  - 0.103 i n  

Reed m a t e r i a l  - 1 7 - 7  PH s t a i n l e s s ,  hea t  t r e a t e d  t o  CH900 cond i t ion  

1 . 7  p s i  
2 
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A picture of the valve components is shown in Figure 6. 

Resonant Spring Design 

The mechanical spring assembly which tunes the piston is the most critical 

component of the compresssor from the standpoint of life. 

effort was made to assure that the spring would not fail. 
Consequently, every 

The spring assembly consists of four U-shaped springs. 

oriented 90 degrees apart with the ends of each spring being electron-beam 

welded together to form a one-piece assembly as shown in Figure 7 .  One end 

of the spring assembly is fastened to the "stationary" compressor cylinder; 

the other end is fastened to the reciprocating piston assembly. 

The U-springs are 

In the original concept of the resonant compressor, the ends of the U-springs 

were shown as being mechanically clamped between pressure plates, rather than 

welded together. This type of clamp, however, always raises two questions: 

1. What is the stress concentration factor which should be applied to 

the nominal spring stress at the clamping line? 

2. How can fretting corrosion between the spring and clamp faces be 
reduced to a safe condition? 

Both of these questions are difficult to answer, and in general can only be 

determined by comprehensive testing. It was decided, therefore, to eliminate 
these uncertainties by eliminating the mechanical clamp concept. Each of 

the U-springs was instead designed to have thickened end-plates formed by 

machining the center section of a single piece of flat spring stock down to 

the required thickness for the basic spring section. A generous radius was 

used to make the transition from the effective spring thickness dimension to 

the end-plate dimension. The use of integrally machined end-plates and a 

generous transition radius reduces the stress concentration factor at the 

spring clamping line to effectively 1.0. The problem of fretting corrosion 

is likewise eliminated since there are no highly-stressed clamped surfaces. 

The weld joints are made in the thickened end-plates and hence are subjected 

to very low stresses. 
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The s p r i n g  m a t e r i a l  i s  17-7 PH s t a i n l e s s  s t e e l  hea t  t r e a t e d  t o  give a f a t i g u e  

s t r e n g t h  of 90,000 t o  100,000 p s i .  Figure 8 shows t h e  design map which was 

used t o  determine f i n a l  dimensions of t h e  s p r i n g s .  

were made, one each f o r  sp r ing  r a d i i  of 2 . 5 ,  2 . 6 2 5  and 2 . 7 5  inches.  The 2 . 6 2 5  

i nch  r a d i u s  was s e l e c t e d  on the  bas i s  of mechanical l ayou t  cons ide ra t ions .  

Figure 8 shows t h e  combinations of t o t a l  sp r ing  width (nb) ,  sp r ing  th i ckness  ( h ) ,  

s p r i n g  l eng th  t o  r ad ius  r a t i o  (L/R), and r e s u l t i n g  maximum sp r ing  bending 

stress (u), r equ i r ed  t o  r e sona te  a 0.87 pound r e c i p r o c a t i n g  mass a t  60 hz 

wi th  a 0 . 2 5  inch amplitude. I n  order t o  maintain a f a t i g u e  stress s a f e t y  

f a c t o r  of a t  l e a s t  two, maximum allowable s p r i n g  stress was designated a s  

40,000 psi. 

and 0 . 6 6 5  r e s p e c t i v e l y .  The f i n a l  design of t he  sp r ing ,  a s  shown on MTI 

drawing 141D01, should give e s s e n t i a l l y  i n f i n i t e  l i f e  a t  t h e  design s t r o k e  

c o n d i t i o n s .  

Ac tua l ly ,  t h r e e  such maps E 
P 

I 
n 

The s e l e c t e d  va lues  of nb, h ,  and L/R were 4.5 i nches ,  0.094 inches ,  

P i s t o n  Bearing Design I 
1 
E 

I n  o rde r  t o  maximize compressor e f f i c i ency ,  s e l f - a c t i n g  gas - lub r i ca t ed  p i s t o n  

bea r ings  were s e l e c t e d .  Since the design flow of t h e  compressor i s  q u i t e  small ,  

t he  use  of conventional hydros t a t i c  gas bear ings,  p re s su r i zed  from compressor 

d i scha rge ,  would have r e s u l t e d  i n  about a 45 percent  r educ t ion  i n  n e t  compressor 

e f f i c i e n c y .  

The conf igu ra t ion  of  t he  s e l f - a c t i n g  p i s t o n  bear ings i s  shown i n  Figure 9 .  

It i s  seen t h a t  each end of t he  p i s ton  s l eeve  i s  machined with a very f i n e  t a p e r  

on t h e  OD. These t a p e r s ,  together  w i th  a s h o r t  s t r a i g h t  s e c t i o n  of p i s t o n  

OD, c o n s t i t u t e  t h e  upper and lower p i s t o n  bea r ings  a s  i d e n t i f i e d  i n  Figure 9.  

The upper bear ing has ,  f o r  a l l  p r a c t i c a l  purposes, compressor i n l e t  p re s su re  a s  

ambient p re s su re  a t  each of i t s  ends. Furthermore, t h e  l eng th  of the  s t r a i g h t  

s e c t i o n  of t h e  bear ing v a r i e s  with displacement of t h e  p i s t o n .  The lower bea r ing  

always has  cy l inde r  p re s su re  a s  the boundary cond i t ion  a t  t he  end of i t s  s t r a i g h t  

s e c t i o n  and compressor i n l e t  a s  ambient pressure a t  t h e  entrance t o  i t s  tapered 

s e c t i o n .  The length of t h e  lower bearing i s  c o n s t a n t .  
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The r a d i a l  and angular s t i f f n e s s e s  of t h e  combined upper and lower bea r ings  

have been analyzed a s  a func t ion  of ambient p re s su re  (pa ) ,  r a d i a l  c l ea rance  

( C ) ,  and amount of t a p e r  (PC) f o r  t h e  concen t r i c  p o s i t i o n  of t h e  p i a ton  

i n  t h e  cy l inde r  (nomenclature i s  defined i n  Figure 9 ) .  The a n a l y s i s  t akes  

i n t o  account t he  v a r i a b l e  l eng th  of t h e  upper bear ing,  and t h e  v a r i a t i o n  

of c y l i n d e r  p re s su re  a s  given i n  Figures 4 and 5. Preliminary s t u d i e s  of t h e  

e f f e c t  of parameter P i nd ica t ed  t h a t  maximum values  of r a d i a l  and angular  

s t i f f n e s s  would be  obtained wi th  p approximately equal  t o  1.0. 
t h e  f i n a l  c a l c u l a t i o n s  were made fo r  a range of f3 va lues  from 1 .0  t o  1 .5  . 

Consequently, 

Figure 10 shows a p l o t  of r a d i a l  s t i f f n e s s  which i s  a p p l i c a b l e  f o r  ambient 

p r e s s u r e s  from 12  t o  15 p s i a .  Figure 11 shows angular  s t i f f n e s s  f o r  an ambient 

p re s su re  of 15 p s i a .  For 1 2  ps i a  ambient, t h e  s t i f f n e s s  va lues  a r e  approximately 

25  percent  lower;. The o r d i n a t e s  of t h e s e  s t i f f n e s s  p l o t s  run from zero t o  

27t r a d i a n s  which r ep resen t s  one complete cycle  of p i s t o n  motion. Zero and 

2% r a d i a n s  r e p r e s e n t s  maximum expansion o r  '%bottom dead cen te r "  p o s i t i o n ,  

7t i s  maximum compression o r  'kop dead center" ,  while  7t/2 and 3r(/2 a r e  mid- 

s t r o k e  p o s i t i o n s .  

It i s  seen from Figure 10 t h a t  the r a d i a l  s t i f f n e s s  i s  p o s i t i v e  during t h e  

compression s t r o k e  and negat ive for t h e  expansion s t r o k e .  Furthermore, t h e  

s t i f f n e s s  func t ion  i s  not  a f f e c t e d  by ambient p re s su re  o r  amount of t a p e r  over 

t h e  range i n v e s t i g a t e d .  S t i f f n e s s  i s  a s t rong  func t ion  of c l ea rance ,  however, 

w i th  h ighe r  values  ob ta inab le  a t  the smaller  c l ea rances .  

Angular s t i f f n e s s  i s  seen from Figure 11 t o  be  positive from 7Pro tc rrho~t  

3 ~ / 2  r ad ians  and s l i g h t l y  negat ive f o r  t h e  l a s t  q u a r t e r  of t h e  s t r o k e .  

Angular s t i f f n e s s  i s  s i g n i f i c a n t l y  a f f e c t e d  by a l l  t h e  v a r i a b l e s  over t h e  range 

i n v e s t i g a t e d ,  t h a t  i s ,  by ambient pressure,  c l ea rance ,  and amount of t a p e r .  

The e x i s t e n c e  of negat ive s t i f f n e s s  va lues  during po r t ions  of t h e  cycle  

immediately r a i s e s  quest ions about t h e  s t a b i l i t y  and load ca r ry ing  
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c a p a b i l i t y  of t h e  p i s t o n  bear ing.  These quest ions were not  t h e o r e t i c a l l y  

persued, nor was any attempt made t o  optimize t h e  bea r ing  design.  It was 

noted t h a t  both r a d i a l  and angular s t i f f n e s s  a r e  p o s i t i v e  during t h e  compression 

s t r o k e ,  when d i f f e r e n t i a l  pressure f o r c e s  a c t i n g  on t h e  p i s t o n  a r e  h i g h e s t .  

During t h e  l a s t  h a l f  of t h e  expansion s t r o k e  (from 3n/2 t o  2 n ) ,  when t o t a l  

r a d i a l  and angular  s t i f f n e s s e s  a r e  nega t ive ,  t h e r e  i s  i n  f a c t  p o s i t i v e  r a d i a l  

s t i f f n e s s  a t  t h e  upper bear ing.  This, t oge the r  with t h e  cons ide ra t ions  t h a t  

(1) d i f f e r e n t i a l  p re s su re  fo rces  a re  low during t h e  l a s t  q u a r t e r  cyc le ,  

(2)  some f i n i t e  time would b e  needed t o  a c c e l e r a t e  t h e  p i s t o n  under t h e  in-  

f l uence  of t h e  nega t ive  f o r c e  g rad ien t s ,  and (3) p i s t o n  v e l o c i t y  approaches 

zero a s  s t r o k e  approaches 2n, suggested t h a t  i f  con tac t  should occur ,  i t  most 

l i k e l y  would occur (1) a t  t h e  lower bear ing,  (2) a t  l i g h t  loads,  and (3) a t  

low v e l o c i t i e s .  By s e l e c t i n g  m a t e r i a l s  f o r  t h e  p i s t o n  and cy l inde r  having 

a proven high compatabi l i ty  and low wear r a t e  under rubbing cond i t ions ,  i t  was 

f e l t  t h a t  a success fu l  bear ing might be ob ta ined .  Furthermore, t h e r e  seemed 

t o  be  a reasonable  chance t h a t  con tac t s  would no t  occur .  With t h e s e  consider- 

a t i o n s  i n  mind, i t  was decided t o  proceed wi th  a bea r ing  design having a 0 .5  

t o  0.8 m i l  r a d i a l  c learance and a f3 value of 1.0 t o  1 .5 .  

Drive Solenoid 

The d r i v e  solenoid i s  a simple electromagnetic device which can develop an 

a x i a l  a t t r a c t i v e  f o r c e ,  3, according t o  t h e  equat ion:  
- 

where Q i s  t o t a l  a x i a l  f l u x  passing through t h e  po le  f a c e  a r e a ,  A ,  of t he  

plunger ,  f3 i s  f l u x  d e n s i t y ,  and k i s  a s u i t a b l e  cons t an t  depending on t h e  system 

of u n i t s .  The b a s i c  configurat ion of t h e  solenoid i s  shown i n  Figure 12 .  

The r equ i r ed  amplitude of t he  compressor-frequency harmonic d r i v i n g  fo rce  can 
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be  c l o s e l y  ca l cu la t ed  from t h e  equation 

where 

F = harmonic f o r c e  amplitude - lb. 

P = t o t a l  average compression power - w a t t s  

w = compressor frequency - rad./sec.  

a = p i s t o n  displacement amplitude - i nches .  

For t h e  p re sen t  design,  t o t a l  compression power a t  15 ps i a  i n l e t  p re s su re  

was ca l cu la t ed  t o  be 50 w a t t s .  

(377 r a d . / s e c . )  compressor frequency, t h e  r e s u l t i n g  60 hz harmonic f o r c e  

amplitude was 9.38 l b .  

For a 0 .25  inch p i s t o n  amplitude and a 60 hz 

Since t h e  simple solenoid of  Figure 12 always produces an a t t r a c t i v e  f o r c e ,  

r e g a r d l e s s  of t h e  d i r e c t i o n  of f lux  ( i .e . ,  of t h e  d i r e c t i o n  of c u r r e n t ) ,  

a 60 hz harmonic fo rce  component w i l l  always be accompanied by a d-c 

f o r c e  component. 

i n  which t h e  60 hz component i s  obtained. The s imples t  technique i s  t o  i n s e r t  

a diode i n  series with t h e  c o i l  and e x c i t e  t h e  c i r c u i t  w i th  a 60 hz vo l t age .  

Assuming t h a t  the c o i l  i s  h igh ly  induct ive,  such t h a t  t h e  t i m e  constant  of t h e  

c o i l  (L/R) i s  g r e a t e r  than 0.1 seconds, t he  r e s u l t i n g  cu r ren t  waveform w i l l  be 

The magnitude of the d-c component w i l l  depend upon t h e  manner 

i I + I sin(21160t).. 

Assuming a constant  solenoid a i r  gap (equal  t o  t h e  average a i r  gap during one 

c y c l e  of p i s t o n  motion), t h e  solenoid must be s i z e d  t o  produce a peak f o r c e  

y e q u a 1  t o  2F. The d-c solenoid force w i l l  be  equal  t o  F. 

A second means t o  o b t a i n  t h e  60 hz d r i v i n g  f o r c e  i s  t o  e x c i t e  t h e  solenoid 

w i t h  a 30 hz a l t e r n a t i n g  vo l t age .  I n  t h i s  ca se  t h e  c u r r e n t  waveform 
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w i l l  be  simply 

i = I s in(2n60t ) .  

However, t he  solenoid must be sized t o  produce a peak fo rce  F e q u a l  t o  

2.355F, and the  d-c fo rce  component becomes equal  t o  1.5F. 

The 30 hz d r iv ing  method was se lec ted  f o r  t he  p re sen t  a p p l i c a t i o n  i n  o rde r  

t o  permit  improvement of t h e  solenoid power f a c t o r  ( a s  seen by t h e  d r i v e  c i r c u i t )  

by adding capaci tance i n  p a r a l l e l  wi th  t h e  c o i l .  Accordingly, t h e  solenoid 

was s i zed  t o  produce 

F= 2.355F = 22.1 pounds 

a t  an average a i r  gap of 0 .3  inches. The r e s u l t i n g  measured f o r c e  versus  cu r ren t  

c h a r a c t e r i s t i c  f o r  t h e  so lenoid  design i s  shown i n  Figure 13. It is seen  

from Figure 13 t h a t  f o r  a 0.3 inch gap, t h e  solenoid j u s t  s t a r t s  t o  e n t e r  i t s  

s a t u r a t i o n  region a t  about 22 pounds of plunger f o r c e .  

measured 60 hz rms v o l t s  versus  amps f o r  d i f f e r e n t  plunger a i r  gaps. 

15  shows a-c  inductance of t h e  solenoid,  again a s  a func t ion  of plunger a i r  

gap 

Figure 14 shows 

Figure 

Drive C i r  cu i t Des i En 

The concept f o r  t he  compressor dr ive  c i r c u i t  i s  shown i n  Figure 16. It was 

Y C U L L G U  vuu L J C L L L ~ L Y  supply  ior t he  source of compressor d r i v e  power. 

Consequently, a D-C t o  A-C i n v e r t e r  was requi red .  

rlan;--a to iisB a 28 r m n  L - L L - - - - -  

The arrangement of Figure 16 uses  a 30 hz square-wave s i g n a l  genera tor  t o  

supply the  re ference  frequency for t h e  e l e c t r i c a l  c i r c u i t .  A commercially 

a v a i l a b l e  o s c i l l a t o r  made by Connor-Winfield and having a tQ.1 percent  
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frequency s t a b i l i t y  was used. This s i g n a l  genera tor  (Model L118A) r e q u i r e s  

a 12  VDC input  and has a + 10 vo l t  ou tput  i n t o  a 10K ohm r e s i s t i v e  load. The 

output  s i g n a l  supp l i e s  t he  base current  f o r  t h e  f i r s t  s t a g e  of a th ree-s tage  

t r a n s i s t o r  switching c i r c u i t .  

t h e  28 VDC power supply ac ross  the primary s i d e  of a vo l t age  step-up 

coupl ing t ransformer.  The stepped-up vo l t age  from t h e  secondary of t h e  

coupling t ransformer i s  then appl ied t o  a p a r a l l e l  connect ion of t he  d r i v e  

so lenoid  and a capac i to r .  The capac i tor  i s  s e l e c t e d  t o  tune the  so lenoid  d r i v e  

c i r c u i t  t o  30 hz.  

30 hz s inuso ida l .  

f a c t o r  condi t ion  f o r  the switching c i r c u i t  and hence minimizes cu r ren t  l e v e l s  

i n  t h e  power t r a n s i s t o r  and coupling t ransformer.  

The t h i r d - s t a g e  power t r a n s i s t o r  switches 

The r e s u l t i n g  cu r ren t  waveform through t h e  so lenoid  i s  

Tuning of t h e  d r i v e  c i r c u i t  a l s o  achieves a u n i t y  power- 

The above concept of t h e  d r i v e  c i r c u i t  was breadboarded and t e s t e d ,  and proven 

t o  be a workable concept.  However, t he  s e c r e t  of success  f o r  t h i s  c i r c u i t  i s  

the  des ign  of t h e  coupl ing transformer.  

w i th  only  p a r t i a l  success  i n  t h a t  on ly  75 percent  of t he  des i r ed  compressor 

s t r o k e  was achieved. This was due t o  a l ack  of s u f f i c i e n t  vo l t age  from t h e  

coup 1 ing  t r a n s  former . 

Two t ransformer des igns  were t e s t e d  

Because of funding l i m i t a t i o n s ,  fu r the r  work on the  d r i v e  c i r c u i t  was de fe r r ed  

i n  favor  of completing t h e  compressor and Gas Make-up Subsystem development. 

Subsequent t o  d e l i v e r y  of the  f i r s t  compressor t o  MSFC, f u r t h e r  work on t h e  

d r i v e  c i r c u i t  was performed by the e l e c t r o n i c s  group a t  t he  As t r ion ic s  Laboratory 

and success fu l ,  f u l l  power performance of t h e  compressor was demonstrated wi th  

t h e  30 hz e l e c t r i c a l  d r i v e  c i r c u i t  concept.  

Compressor Mountin? System 

The resonant  compressor produces an a l t e r n a t i n g  f o r c e  whose peak amplitude 

i s  approximately 80 pounds. 

and compression of t he  resonant  spr ing component, occurs  a t  a fundamental 

This fo rce ,  which a r i s e s  from a l t e r n a t e  ex tens ion  
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frequency of 60 hz. It is considered imperative 

be well isolated from the main IU mounting panel 
of "well isolated", in terms of what constitutes 
mitted force, has yet to be determined). 

that this vibratory force 

(A quantitative definition 

an acceptable level of trans- 

To obtain the necessary force isolation, a low-frequency mounting system must 

be interposed between the IU panel and the compressor casing. 

system must be capable of effective attenuation of the vibratory force over 

a zero to 10-g range of constant acceleration in a direction parallel to the 

vibratory force vector. It is this latter condition of possible 10-g 
acceleration (during the Saturn V launch period) which is troublesome. The 

problem here is that good force isolation requires a very "soft1' mounting 

system (i.e., a very low-frequency system) However, if the mount is too 
soft, impractically large "static" deflections of the isolation system will 

occur at the 10-g acceleration level. Hence, a trade-off must be made 

between magnitude of transmitted force and "static" deflection at 10-g. 

This mounting 

The problem of mounting the resonant compressor thus consists of arriving 

at an optimum combination of mounting system stiffness and damping parameters 

such that 

the compressor vibratory force transmitted to the IU panel 

is attenuated to an acceptable level, 

excessively large static deflections are not encountered at the 

10-g acceleration level, 

compressor performance is not significantly impaired as a result 

of the mounting system design, and 

launch vibration and shock transmitted from the IU panel to the 

compressor is reduced to levels which will not damage the compressor 

or cause more than a momentary impairment of performance. 

The mounting system supplied with the compressors can be described as follows. 
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1. The primary, o r  s o f t ,  mount c o n s i s t s  of three sets of c o i l  sp r ings  

equa l ly  spaced around the  compressor. 

t h e  compressor from the  I U  pane l .  

These sp r ings  completely i s o l a t e  

The mount has  a 3.7 hz v e r t i c a l  

I n a t u r a l  frequency and a somewhat lower l a t e r a l  n a t u r a l  frequency 

(the v e r t i c a l  d i r e c t i o n  being p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x i s  of 

t h e  launch v e h i c l e ) .  

i s o l a t e  t he  Compressor from v e h i c l e  launch v i b r a t i o n s .  However, i t s  

main func t ion  i s  t o  a t t e n u a t e  t h e  60 hz, 80-pound f o r c e  produced 

by t h e  resonant  spr ing .  

through t h e  s o f t  mount t o  t h e  IU panel  i s  c a l c u l a t e d  t o  be 

fG.31 pounds. 

The primary mount should q u i t e  e f f e c t i v e l y  

The dynamic fo rce  which w i l l  be t r ansmi t t ed  

2 .  The primary mount has  been designed t o  be o p e r a t i v e  over a range of 

v e r t i c a l  a c c e l e r a t i o n s  from zero t o  1.2 g. 

v e r t i c a l  a c c e l e r a t i o n s  exceed 1.2 g, t he  compressor engages a secondary 

mount system c o n s i s t i n g  of two c a n t i l e v e r  beam sp r ings .  

n a t u r a l  frequency of t h e  secondary mount i s  14.3 hz. 

when t h e  compressor i s  supported by the  secondary mount system, 

t h e  dynamic fo rce  which w i l l  be t ransmi t ted  t o  t h e  I U  panel  i s  

ca l cu la t ed  t o  be 2 4.8 pounds. 

D u r h g  launch, when 

The v e r t i c a l  

During t h e  time 

3 .  The primary mount system has been designed such t h a t  t h e  c o i l  

sp r ings  w i l l  always be i n  t ens ion  r ega rd le s s  of  t h e  a c c e l e r a t i o n  

g- l e v e l .  

4 .  L a t e r a l  p o s i t i o n  of t h e  compressor is maintained hy the p r i m p r y  m w n t  

system during normal zero t o  l - g  opera t ion .  However, s i n c e  the  l a t e r a l  

sp r ing  r a t e  of t h e  primary system is q u i t e  low, t h r e e  s o f t  bumpers, 

equal ly  spaced around the  compressor, a r e  used t o  l i m i t  excess ive  

l a t e r a l  movement of t h e  compressor a s  might occur dur ing  launch 



-21- 

or mission maneuvers. Since there are no dynamic lateral forces 

produced by the compressor, there will be no force transmission to 

the IU panel during the time when the compressor is in contact with 
one of the bumpers. 

Recent tests by MSFC have identified a possible problem area in the present- 

ly designed mount system. The secondary cantilever springs introduce a step 
change in mount stiffness at a particular value of mount deflection as shown 
below. 

primary plus secondary mount stiffness 1 ,I 
1 \ primary mount stiffness 

Mount Deflection (in.) 
- 

Mount Stiffness Versus Mount Deflection 

As a result of this discontinuity in the stiffness characteristic, a 60 hz 

intermittent contact can occur between the compressor casing and the secondary 
cantilever springs. It can be shown that under ideal conditions this inter- 
mittent contact condition would exist only for a small range of acceleration, 

from 1.2 g to approximately 1.5 g. However, in practice the contacts would 
pLuuaury occur U V ~ L  u slightly larger range ui acceieration due to manu- 

facturing and set-up tolerances associated with the secondary mount system. 
As presently designed, the secondary mount system permits metal-to-metal 
contact between the compressor casing and the cantilever springs. Hence, 

during the period of intermittent contact (that is, when acceleration is 

between 1.2 and, say, 2 g), a considerable amount of noise will be produced 

by the secondary mount system. 
would probably not be important in the ultimate mission, but which should 

---L -L i _- 

Aside from a human factors consideration (which 
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be considered wi th  regard to t h e  large amount of l abora to ry  t e s t i n g  p r i o r  

t o  t h e  mission) ,  t h e  noise ,  per  se, should not  be a problem. However, t h e  

p o i n t s  of i n t e r m i t t e n t  con tac t  a r e  p o t e n t i a l  p o i n t s  of b r i n e l l i n g  and hence 

should be evaluated from t h i s  respect .  I n  a d d i t i o n ,  t h e  i n t e r m i t t e n t  con tac t s  

a r e ,  i n  e f f e c t ,  small  repeated impacts imposed on t h e  compressor and hence may 

a f f e c t  compressor performance and r e l i a b i l i t y .  These p o s s i b i l i t i e s  should 

l i kewise  be checked. 

I n  s p i t e  of t h e  p o s s i b i l i t i e s  i d e n t i f i e d  above, i t  i s  be l i eved  t h a t  t h e  

concept of t h e  p re sen t  compressor mounting scheme is  a p r a c t i c a l  one. 

i s  f e l t  t h a t  t h e  p o t e n t i a l  problem a r e a s  can be  accep tab ly  resolved by 

r e v i s e d  mechanical design.  

system, prel iminary t e s t i n g  has revealed t h e  fol lowing needed improvements: 

It 

With r e spec t  t o  t h e  p r e s e n t l y  designed mount 

1. A minimum of  t h r e e ,  r a t h e r  than t h e  p re sen t  two, c a n t i l e v e r  spr ings 

should be  used t o  a s s u r e  s t a t i c  s t a b i l i t y  of t h e  secondary mount 

system. 

2.  The frequency of t h e  secondary mount system should be  reduced from 

14.3 hz t o  a maximum of 10 hz.  This w i l l  reduce t h e  t r ansmi t t ed  

f o r c e  from i 4 . 8  pounds to  a maximum of 5 2.3 pounds during high- 

g a c c e l e r a t i o n .  

3 .  A sound and impact "deadening" m a t e r i a l  should be  used a t  t h e  con- 

t ac t  p o i n t s  between t h e  compressor cas ing  and t h e  secondary c a n t i -  

l e v e r  sp r ings .  

4. Deta i l  design of both the primary and secondary sp r ing  systems should 

be  improved t o  permit more accu ra t e  set-up and alignment of t he  mount 

s y s  t e m .  

5. Although n o t  r equ i r ed  f o r  t h e  u l t i m a t e  mission,  design of t h e  mount 

system should be  r ev i sed  t o  permit c e n t r i f u g e  a c c e l e r a t i o n  t e s t i n g  

i n  a 1-g f i e l d  w i t h  t h e  compressor mounted i n  a h o r i z o n t a l  p o s i t i o n .  
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Compressor Mechanical Design 

A complete set of Parts Lists for the Resonant Compressor assembly and for 

the Gas Supply System assembly are included in Appendix D of this report 

for reference purposes. 

design of the compressor in more detail. 

The following paragraphs describe the mechanical 

The piston and the cylinder for the compressor are made of carbon graphite 

and Ni-Resist iron respectively. The reasons for this combination are as 

follows : 

1. 

2. 

3. 

4. 

5. 

Each material has high dimensional stability 

Coefficients of expansion of the two materials are closely matched 

The carbon has low mass density (about the same as magnesium) 

which is quite important from a dynamics and resonant-spring 

stress standpoint 

The two materials have very good rubbing compatability 

Both materials are corrosion resistant. 

Photographs of the piston and cylinder are shown in Figure 17. 

The measured weights of the reciprocating cornpresser pa-rts = r e  SE follc.;;.s: 

1. Piston (dw'g. 141 B07) 0.231 lb. 

2. Solenoid plunger (dw'g. D-1253) 0.250 

3. Connecting rod (dw'g. 141C08, Pts. 1 & 2) 0.084 
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4. Ring (dw'g. 141  B51) 

5. Hardware 

One 10-32 screw ( p t .  35) 

Four 10-32 screws ( p t .  34) 

Two 8-32 screws ( p t .  40) 

6.  Moving p l a t e n  ( i . e . ,  thickened end 

p l a t e )  of t h e  resonant  spr ing  

assembly (dw'g. 141 D1) 

0.047 

0.037 

0.140 
~~~ 

Tota l  r ec ip roca t ing  weight 0.789 lb. 

A p o r t i o n  of t he  t o t a l  weight of the four  U-spring s e c t i o n s  of t h e  resonant  sp r ing  

assembly must a l s o  be  considered as p a r t  of t h e  r e c i p r o c a t i n g  weight.  

t h i s  weight i s  au tomat ica l ly  fac tored  i n t o  the c a l c u l a t i o n  procedure f o r  pro- 

ducing t h e  sp r ing  des ign  map shown i n  Figure 8. 

i s  t h e r e f o r e  t o t a l  r e c i p r o c a t i n g  weight over  and above t h e  e f f e c t i v e  weight 

of  t h e  U-spring s e c t i o n s  themselves. 

However, 

The weight parameter of Figure 8 

The compressor i s  mounted i n s i d e  a he rme t i ca l ly  s e a l a b l e  aluminum conta iner  

( the  present  con ta ine r s  have a l s o  been equipped w i t h  O-ring-sealed b o l t  

f l anges  f o r  ease  of access  dur ing  the  eva lua t ion  pe r iod ) .  

con ta ine r  i s  vented t o  compressor i n l e t  p ressure .  

connect ions a r e  made t o  f i t t i n g s  located on the  o u t s i d e  of t h e  conta iner .  

F igure  18 i s  a photograph of t h e  two s e c t i o n s  of t he  conta iner .  

The i n s i d e  of t h e  

All pip ing  and e l e c t r i c a l  

Three l iquid-cooled h e a t  exchangers a r e  loca ted  i n s i d e  t h e  compressor 

con ta ine r .  

condi t ion ing  of t h e  n i t r o g e n  flow i n t o  and out-of t h e  compressor. The t h i r d  

exchanger i s  simply a s e c t i o n  of the l i q u i d  coolan t  l i n e  between t h e  two gas  

cond i t ione r s  which has  been wrapped around and po t t ed  t o  t h e  o u t s i d e  

Two of t h e  exchangers a re  gas - to - l iqu id  types  used f o r  temperature 
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s u r f a c e  of t h e  d r i v e  solenoid c o i l .  This exchanger removes the  18 o r  so w a t t s  

of i R loss i n  the  solenoid c o i l .  2 I 
The gas - to - l iqu id  h e a t  exchangers which cond i t ion  the  n i t rogen  flow i n t o  and 

out-of t h e  compressor a r e  aluminum f inned-tube types .  Nitrogen flows through 

a n  OD s p i r a l  passage formed by t h e  f i n s  and t h e  o u t e r  casing of t h e  exchanger. 

The l i q u i d  coolant  flows through a s t r a i g h t  s e c t i o n  of tubing t o  which t h e  

f i n s  a r e  a t t a c h e d .  Coolant temperature i n t o  t h e  compressor con ta ine r  w i l l  

be  59 2 1°F. 

through the  two gas coo le r s  and the sblenoid coo l ing  loop i s  7 F.  

r a t e  of t h e  coolant  was taken a s  200 pounds pe r  hour.  Nitrogen p res su re  drop 

through each gas cooler  was ca l cu la t ed  t o  be 0.23 p s i  a t  0 . 5  SCFM. Measured 

p res su re  drop a t  t h e  same flow was found t o  be 0 .2  p s i  f o r  t h e  coo le r s  suppl ied 

wi th  t h e  f i r s t  d e l i v e r y  compressor. Measured p res su re  drop was considerably 

h ighe r  f o r  t h e  second d e l i v e r y  compressor, even though t h e  cooler  design was 

t h e  same. The reason f o r  t h e  higher p re s su re  drop was t r aced  t o  i n c o r r e c t  

manufacture of t h e  second se t  of coolers .  This cond i t ion  was discovered a f t e r  

t h e  second con ta ine r  assembly had been completed, and hence was no t  co r rec t ed  

due t o  schedule and funding l i m i t a t i o n s .  The two gas coo le r s  can be seen i n  

Figure 19 a s  t h e  two v e r t i c a l  tubes a t t ached  t o  t h e  bottom s e c t i o n  of t h e  

c o n t a i n e r .  

Calculated temperature r i s e  of t he  coolant  a f t e r  i t  passes  
0 Flow 
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IV. PROCUREMENT OF THE GAS MAKE-UP SUBSYSTEM 

The Gas Make-up Subsystem, a s  shown schematical ly  i n  Figure 1, was procured a s  

an i n t e g r a l  package from Aerodyne Controls Corporation of  Farmingdale, Long 

I s l a n d .  

P/N 670-1-000 and i s  shown on Aerodyne drawing 670-1-000B. 

a s  o r i g i n a l l y  proposed by Aerodyne, i s  described i n  Aerodyne Engineering 

Proposal No. 670 ( t h i s  proposal  a l so  desc r ibes  t h e  d i f f e r e n t i a l  p re s su re  

r e g u l a t o r  as procured from Aerodyne f o r  t he  Rec i r cu la t ion  Subsystem). 

The complete subsystem i s  designated a s  Aerodyne Controls Corporation 

The subsystem, 

The G a s  Make-up Subsystem contains  fou r  major groups of p a r t s  a s  fol lows:  

1. Gas r e s e r v o i r  (or s torage v e s s e l )  

2. Manifold assembly, containing 

a )  one flow l i m i t i n g  o r i f i c e  i n  t h e  r e s e r v o i r  charging l i n e  

b)  two i d e n t i c a l  charging valves  connected i n  s e r i e s ,  bu t  p h y s i c a l l y  

displaced 90 degrees from one another  

c) one p res su re  r e l i e f  valve 

d)  one rup tu re  d i s k  

e )  one p res su re  switch 

f )  one f i l t e r  assembly 

g) one flow l i m i t i n g  o r i f i c e  i n  t h e  make-up l i n e  t o  the  a b s o l u t e  

p re s su re  r e g u l a t o r  

3 .  Absolute p re s su re  r egu la to r  

4 .  Absolute p re s su re  r e l i e f  valve.  

Gas Reservoir  

The gas r e s e r v o i r  i s  a sphere of AMs 6350 a l l o y  s t e e l  w i th  a s i n g l e  

AND-10050-16 p o r t  and i s  designed for  normal working p res su res  of 3000 t o  
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3300 p s i g .  Burst  p re s su re  i s  i n  excess of 6000 p s i g .  The r e s e r v o i r  has been 

subjected t o  a h y d r o s t a t i c  proof pressure of 4500 p s i g  f o r  5 minutes with no 

evidence of y i e l d i n g  or  damage. 

The r e s e r v o i r  has a volume of approximately 900 cubic  inches ,  i s  approximately 

12.7 inches i n  diameter,  and weighs 22 pounds. The i n t e r n a l  and e x t e r n a l  s u r f a c e s  

of t h e  v e s s e l  a r e  e l e c t r o l e s s  nickel  p l a t e d  f o r  co r ros ion  r e s i s t a n c e .  

Manifold Assembly (P/N 671-1-000A) 

The manifold of  t he  assembly i s  made from 2024-T4 aluminum a l l o y  anodized p e r  

MIL-A-8625A, Type I, f o r  corrosion r e s i s t a n c e .  The manifold con ta ins  an 

AND-10050-4 charging p o r t  i n  which i s  loca ted  an 8 m i l  diameter flow l i m i t i n g  

o r i f i c e .  The charging-flow l imi t ing  o r i f i c e  (1) minimizes p re s su re  shock loads 

on t h e  manifold components, (2) prevents a too-rapid build-up of p re s su re  with 

i t s  consequent l a r g e  rise i n  temperature w i t h i n  the  r e s e r v o i r ,  and (3) permits  

t h e  use  of a smaller  s i z e  pressure r e l i e f  valve f o r  r e s e r v o i r  p r o t e c t i o n .  

The manifold also contains  two charging va lves ,  a r e l i e f  valve and b u r s t  d i s k  

f o r  r e s e r v o i r  p r o t e c t i o n ,  a pressure switch f o r  s to rage  v e s s e l  p re s su re  ind ica -  

t i o n ,  a threaded boss f o r  attachment t o  t h e  r e s e r v o i r ,  and, i n  t h e  o u t l e t  p o r t ,  

a f i l t e r  and flow l i m i t i n g  o r i f i c e .  The manifold i s  s t r e s s e d  f o r  p re s su res  i n  

excess of 6000 p s i .  

Deviat ions from S p e c i f i c a t i o n  

During t h e  design and t e s t  phases of t h e  Gas Make-up Subsystem procurement, 

Aerodyne requested permission t o  make s e v e r a l  dev ia t ions  from the  subsystem 

s p e c i f i c a t i o n s .  These dev ia t ions ,  which were subsequently approved by MTI 

(snd, =;here -iiecessary, D Y  ~ P L )  a r e  i i s t e d  beiow. . ..--e\ 

1. A r eques t  was made t o  reduce t h e  i n l e t  su r f ace  a r e a  of t h e  high 

p res su re  f i l t e r  ( i t e m  L of Figure 1) from 3 . 0  square inches t o  

0.11 square inches.  For the f i l t e r  element i t s e l f ,  a Mi l l i po re  

type RAWP01300 was proposed, t o  be held between two photo-etched 

s t a i n l e s s  s t e e l  p r e f i l t e r s .  The primary f i l t e r  would have pores 
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of 1 . 2  2 0.3 microns and a minimum volume of 110 x cub ic  inches.  

The main a r e a  of concern with the  f i l t e r  i s  t h a t  of clogging due t o  

o i l  contamination. 

hold approximately 8 .2  pounds of n i t rogen .  I f  t h e  n i t r o g e n ,  a s  

charged, con ta ins  0 .3  p a r t s  pe r  m i l l i o n  by weight of contaminating 

o i l s ,  then t h e  maximum volume of o i l  i n  t h e  r e s e r v o i r  w i l l  be 85 x 10 

cubic  inches (assuming a s p e c i f i c  g r a v i t y  of 0.8 f o r  t he  o i l ) .  

f o r e ,  even i f  a l l  the  o i l  i n  t h e  r e s e r v o i r  were t o  be captured i n  

t h e  f i l t e r ,  t h e  f i l t e r  would no t  be completely clogged. 

The r e s e r v o i r ,  when charged t o  3100 p s i a ,  w i l l  

-6  

There- 

The quest ion here ,  then, is  one of  o r i g i n a l  contamination l e v e l  of t h e  

n i t r o g e n  a s  charged i n t o  the  r e s e r v o i r .  This quest ion should be  

pursued, perhaps by t e s t ,  t o  determine i f  o i l  clogging w i l l  be a 

problem. 

2 .  A r eques t  was made by Aerodyne t o  s u b s t i t u t e  an Aero Mechanisms 

Incorporated Model 6455,  S / N  118, p res su re  switch f o r  t he  o r i g i n a l l y  

proposed switch.  Although t h e  o r i g i n a l l y  proposed switch m e t  t h e  

s p e c i f i e d  e l e c t r i c a l  r a t i n g  of 1 amp i n t o  an induc t ive  load a t  28 VDC, 

it was found on a c t u a l  placement of t h e  purchase o rde r  t h a t  t h e  

switch was no longer being produced, and would have t o  be manufactured 

a s  a s p e c i a l  a t  considerably higher c o s t  and wi th  a 4 month d e l i v e r y .  

Af t e r  c a r e f u l  searching,  only one o the r  switch was found of reasonable  

s i z e ,  c o s t ,  and d e l i v e r y  which would s a t i s f y  a l l  requirements except 

f o r  e l e c t r i c a l  r a t i n g ,  t h i s  being t h e  Aero Mechanisms swi t ch .  The 

e l e c t r i c a l  r a t i n g  f o r  t h i s  switch i s  0.2 amps i n t o  a r e s i s t i v e  

load a t  28 VDC. Since the switch i s  only t o  be  used f o r  r e s e r v o i r  

p re s su re  v e r i f i c a t i o n ,  i t  was f e l t  t h a t  t h e  lower ampere r a t i n g  

would s t i l l  be q u i t e  adequate, a t  l e a s t  f o r  t h e  development model 

of  t h e  Make-up Subsystem. 

3 .  A r eques t  was made t o  permit a s i g n i f i c a n t  dev ia t ion  on t h e  r e s e a t i n g  

p res su re  of t h e  r e s e r v o i r  p re s su re  r e l i e f  va lve .  The r e l i e f  valve 
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requirement s p e c i f i e d  a maximum cracking p res su re  of 3300 p s i a  and a 

minimum r e s e a t  p re s su re  of 3150 p s i a .  

redesigned has a cracking p res su re  of 3275 ,+ 25 p s i a  and a r e s e a t  

p re s su re  of 600 ,+ 50 p s i a .  

l e t t e r  t o  MTI desc r ibe  the reason f o r  t he  dev ia t ion  r eques t .  

The r e l i e f  valve a s  f i n a l l y  

The following exce rp t s  from an Aerodyne 

As o r i g i n a l l y  designed, t h e  r e l i e f  va lve  was t e s t e d  and 
found t o  meet t h e  l e t t e r  of t h e  requirements,  t h a t  i s ,  
cracking p res su re  was 3280 _+ 20 p s i a  and r e s e a t  p re s su re  
was 3180 - + 30 p s i a .  However, t h i s  r e l i e f  va lve ,  a s  o r i g i n a l l y  
designed, d id  not  meet what Aerodyne Engineering considered 
t o  be t h e  intended funct ion of t h e  r e l i e f  va lve ;  t h e  capa- 
b i l i t y  of providing adequate p r o t e c t i o n  f o r  t h e  r e s e r v o i r  
a g a i n s t  ove rp res su r i za t ion .  This r e l i e f  va lve ,  although 
i t  m e t  s p e c i f i c a t i o n  p res su re  requirements,  d i d  no t  flow 
more than 10 SCCM a t  3400 p s i a  and even a t  pressures  of 
3600 p s i a  d id  no t  flow more than 100 SCCM. Since t h e  flow 
r a t e  i n t o  t h e  manifold assembly and r e s e r v o i r  during system 
charging g r e a t l y  exceeded the  r e l i e f  valve flow c a p a b i l i t y ,  
t h e  system was possibly s u b j e c t  t o  ove rp res su r i za t ion  during 
charging. The r e s u l t  could have been r u p t u r e  of t h e  b u r s t  
d i s c  assembly included i n  t h e  manifold a s  a p r o t e c t i o n  
a g a i n s t  r e l i e f  valve f a i l u r e  and r e s e r v o i r  overpressuriza-  
t i o n .  This b u r s t  d i sc  i s  n o t  e a s i l y  replaced and rup tu re  
of i t  would probably n e c e s s i t a t e  a lengthy r ec l ean ing  
process  of t he  manifold assembly. 

With t h e  dec i s ion  t h a t  t h e  o r i g i n a l l y  designed r e l i e f  
va lve  was inadequate, Aerodyne Engineering i n s t i t u t e d  a 
program f o r  development of a r e l i e f  valve capable of 
adequately protect ing t h e  system from ove rp res su r i za t ion .  
Two design so lu t ions  were p o s s i b l e .  The f i r s t  s o l u t i o n  
was a design s u f f i c i e n t l y  l a r g e  t o  be capable of high 
r e l i e f  valve flow. This design could no t  be incorporated 
i n  t h e  manifold assembly a s  o r i g i n a l l y  des i r ed  and, 
because of t he  l a rge ,  heavy s p r i n g  necessary f o r  proper 
performance, caused a severe  pena l ty  i n  package and 
weight ( i n  the  order  of 0 .75  l b s ) .  I n  a d d i t i o n ,  pro- 
v i s i n n s  had t_n h e  msde fer  e x t e r n a l l y  msuntizg t h i s  d e -  
s ign .  

The second design so lu t ion  was what i s  termed a d i f f e r -  
e n t i a l  a r ea  type r e l i e f  v a l v e .  This  type of  r e l i e f  
valve i s  character ized by a ve ry  sharp cracking p res su re  
w i t h  e x c e l l e n t  r e p e a t a b i l i t y  w i t h i n  a minimum s i z e  and 
weight package. Due t o  t h e  d i f f e r e n t i a l  a r e a  i n  t h e  
poppet-piston, t he re  must be a s u b s t a n t i a l  decrease i n  
p re s su re  be fo re  t h i s  type of r e l i e f  valve w i l l  r e s e a t .  
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I n  view of t he  f a c t  t h a t . o v e r p r e s s u r i z a t i o n  i s  l i k e l y  t o  occur 
only during r e se rvo i r  charging ope ra t ions ,  where c a r e  can 
prevent  such occurrences, and r e a l i z i n g  t h a t  t h i s  design 
o f f e r s  exce l l en t  r e s e r v o i r  p r o t e c t i o n ,  i s  of minimum s i z e  
and weight, and can be b u i l t  i n t o  t h e  manifold assembly, 
i t  i s  Aerodyne's engineering opinion t h a t  t h i s  second 
design s o l u t i o n  i s  considerably b e t t e r  than t h e  f i r s t  
design s o l u t i o n .  As a consequence of t h i s ,  a d i f f e r e n t i a l  
a r ea  p i s t o n  type r e l i e f  va lve  was designed and developed 
f o r  r e s e r v o i r  p ro t ec t ion  i n  t h e  Gas Makeup Supply System. 

During a telephone conversation between D r .  Pe t e r  Curwen 
of MTI and Mr. L.  P. T e t r a u l t  of Aerodyne Con t ro l s ,  on 
December 13, 1965, the f a i l u r e  of t h e  o r i g i n a l  design t o  
meet i t s  intended purpose and prel iminary r e s u l t s  of 
t e s t i n g  on the  new d i f f e r e n t i a l  a r e a  type r e l i e f  valve 
were discussed.  Since t h e  redeveloped r e l i e f  valve had 
excep t iona l ly  high flow c a p a b i l i t y ,  had a very sharp,  
r epea tab le  cracking p res su re  of 3275 2 25 p s i a ,  had zero 
leakage a t  pressures  t o  3200 p s i a ,  was extremely small  
i n  s i z e  and weight,  and could be b u i l t  i n t o  the  manifold 
assembly, Aerodyne considered t h i s  r e l i e f  va lve  f a r  
supe r io r  t o  t h e  o r i g i n a l l y  designed r e l i e f  va lve .  

A f u r t h e r  considerat ion t o  be noted i s  t h a t  although the  
improved performance was made p o s s i b l e  only by a sub- 
s t a n t i a l  decrease i n  r e l i e f  va lve  r e s e a t  p re s su re  (600 
- + 50 p s i a ) ,  t h e  r e l i e f  valve i s  only a secondary com- 
ponent; t h a t  i s ,  it i s  not  necessary t o  system ope ra t ion .  
Since r e s e r v o i r  ove rp res su r i za t ion  i s  l i k e l y  t o  occur 
only during system charging, t h e  low r e s e a t  value means 
merely the  loss of seve ra l  pounds of n i t rogen  gas .  

Acceptance Test 

The Gas Make-up Subsystem was subjected t o  the following t e s t s  by Aerodyne 

Controls  Corporation: 

1. Reservoir proof pressure 

2.  Actuation and de-actuation p r e s s u r e  of t h e  p re s su re  switch 

3 .  Cracking and r e s e a t  pressure of t h e  r e s e r v o i r  p re s su re  r e l i e f  valve 

4 .  Cracking and r e s e a t  pressure of t h e  abso lu te  p re s su re  r e l i e f  valve 



5. Flow c a l i b r a t i o n  of t h e  flow l i m i t i n g  o r i f i c e  (make-up flow 

l i n e  t o  abso lu te  pressure r e g u l a t o r )  

6 .  Cracking p res su re  of the charging va lves  

7. Regulation c h a r a c t e r i s t i c s  of t he  abso lu te  p re s su re  r e g u l a t o r  

8. To ta l  system e x t e r n a l  leakage 

9 .  To ta l  system c l ean l ines s .  

The Aerodyne Acceptance Tes t  Report (A.C.C. Document No. TR-670) is  included 

i n  Appendix C of t h i s  r e p o r t  f o r  r e fe rence  purposes .  

were s a t i s f a c t o r y .  

The r e s u l t s  of a l l  tests 
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V. TEST EVALUATION 

First Delivery Oortjpressor 

The first resonant compressor was assembled and tested during August and 

September, 1965. 

start-up process. 

probes, four to monitor performance of the piston bearing and one to 
measure deflection of a small diaphragm in response to instantaneous cylinder 

pressure. Two thermocouples were also installed, one to measure cylinder 

head temperature and the other to measure surface temperature of the drive 

solenoid coil. A strain gage was cemented to one of the U-spring sections 

close to its fixed end to provide a piston displacement signal. 

Very little trouble was encountered with the assembly and 

The compressor was instrumented with five capacitance 

Figure 19 is an overall view of the compressor test area. The first 

compressor assembly, with the top section of the aluminum container 

removed, is shown with the various instrumentation lines connected to the 

readout equipment. 

gas cooler open to atmospheric air. Compressor discharge was connected, 

through the discharge gas cooler, to a 17 cubic inch reservoir at which point 
discharge pressure was measured. From the reservoir the compressed air passed 

through a flow meter and then through a throttle valve which was used to 
simulate various load conditions. After flowing through the throttle valve, 

the air was vented back to atmospheric conditions. 

Testing was accomplished with the inlet fitting of the inlet 

Figures 25 t h . - m . - m h  L-r 91- u L I u ~  -L-*- --------- u 1 c a a ~ ~ t . d  periormance characteristics ot the first 

compressor at 5, 10, 15, 17.5, and 20 psi pressure rise. During these tests 
the unit was driven from a constant voltage 60 hz power line with a diode in 
series with the drive solenoid so as to obtain a 60 hz fundamental drive 
force from the solenoid. 

of the: 
Figures 20 through 24 show oscilloscope pictures 
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1. compressor p-V diagram 

2. simultaneous traces of cylinder pressure and piston displacement 
versus time 

3 .  simultaneous traces of solenoid current and piston displacement 
versus time 

4. orbit traces of the piston inlet (upper) and discharge (lower) 
bearings. 

The p-V diagram traces show very nicely the nature of the inlet and discharge 

intervals of the cycle. Note that the diagrams agree quite well with the 

expected diagrams as shown in Figures 4 and 5, although there are some 
minor differences in the details of the pressure variations during the 
inlet and discharge intervals. Maximum discharge-valve pressure drop is 

between 1 and 2 psi which agrees well with the calculated pressure drop. 

The compressor was tested for a total of 115 hours at MTI, 98 hours of which 

was accumulated during a continuous run at design point conditions. During 
7 these 115 hours of operation, 2.48~10 

the resonant spring and discharge valve. 

curve for both the valve and spring material is reached in about 1.0~10 

cycles, it was concluded that the compressor design was satisfactory from 

a short-term fatigue and fretting standpoint. 

stress cycles were accumulated on 

6 
Since the "knee" of the fatigue 

Subsequent to the 115 hours of operation, the compressor was completely 

dismantled and carefully examined for evidence of rubbing, wear, fretting, 
or other damage. None was found. 

The unit was reassembled, permanent instrumentation installed, and perform- 

ance rechecked. Figure 25 shows the final flow versus pressure rise 
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c a l i b r a t i o n ,  a s  a func t ion  of dr ive solenoid vol tage ,  taken a f t e r  t h r e e  hours 

of continuous ope ra t ion  a t  design poin t  condi t ions t o  achieve thermal 

equi l ibr ium. Subsequent t o  t h i s  f i n a l  c a l i b r a t i o n ,  t h e  compressor was shipped 

t o  MSFC. 

Spare Compressor 

The spare  compressor was assembled, instrumented, and t e s t e d  i n  t h e  same manner 

a s  t he  f i r s t  d e l i v e r y  compressor. A t o t a l  of 162 hours of ope ra t ion  was 

accumulated on t h i s  u n i t  a t  MTI, 153 hours of which was obtained during a 

continuous run. Figures 26, 27 and 28 show compressor performance condi t ions 

a t  t he  9 t h ,  120th, and 150th hour, r e s p e c t i v e l y ,  of t he  153 hour continuous 

run. 

performance except f o r  an increase i n  flow between t h e  9 t h  and 120th hour 

due t o  an inc rease  i n  solenoid vol tage a t  t h e  94th hour,  and a s l i g h t  contrac- 

t i o n  of t he  discharge (lower) bearing o r b i t ,  a l s o  due t o  t h e  vol.t@lge change 

(discharge p res su re  was he ld  constant during the  vo l t age  increase  by re -  

adjustment of the  t h r o t t l e  v a l v e ) .  

It i s  seen from t h e s e  f igures  t h a t  t h e r e  was no d e t e c t a b l e  change i n  

The spare compressor i s  d e f i n i t e l y  a more e f f i c i e n t  machine than the  f i r s t  

d e l i v e r y  u n i t ,  even with the  increased p res su re  drop i n  the  two gas coolers .  

This can be seen by comparing Figures 25 and 29, t h e s e  being the  flow versus 

p r e s s u r e  r i s e  c a l i b r a t i o n s  a s  a function of solenoid vo l t age  f o r  the  two 

machines. It i s  seen t h a t  t he  spare machine can d e l i v e r  any given combination 

of flow and p res su re  a t  a lower solenoid vo l t age  than can t h e  f i r s t  d e l i v e r y  

machine. From the  constant  e f f i c i e n c y  l i n e s  siiperimpnsed nz Figure 29, I t  

i s  seen t h a t  t he  spare  compressor can d e l i v e r  design-point f low.  a t  an o v e r a l l  

e f f i c i e n c y  of b e t t e r  than 33 percent,  

and 29 were obtained wi th  compressor i n l e t  and discharge flow passing through 

the  gas coolers .  Hence the  e f f i c i e n c i e s  shown on Figure 29 a r e  no t ,  i n  a 

s t r ic t  sense,  a t r u e  measure of compressor e f f i c i e n c y  s ince  the  e f f e c t s  of 

c o o l e r  p re s su re  drops a r e  included i n  these  e f f i c i e n c y  values .  

The performance curves of Figures 25 

A more accura te  

U 
E 
E 
I 
n 
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r e p r e s e n t a t i o n  of performance of t h e  spare  compressor i s  shown by 

Figure 30, which i s  t h e  flow versus p re s su re  r ise c h a r a c t e r i s t i c  when t h e  

gas coolers  a r e  by-passed. 

p o i n t  e f f i c i e n c y  of t h e  spare  compressor i s  c l o s e  t o  60 percent .  

probable t h a t  i f  t h e  gas  coolers  f o r  t h e  spare  machine had been proper ly  

f a b r i c a t e d  (which would have reduced the  p re s su re  drop through each cooler  

t o  about 0.2 p s i )  t h e  e f f ic iency  of t h e  spare  u n i t  w i th  coolers  included 

would have been about 50 percent. 

From Figure 30 it i s  seen t h a t  t he  t r u e  design- 

It i s  q u i t e  

There a r e  s e v e r a l  reasons why the spare  compressor could have a b e t t e r  

e f f i c i e n c y  than t h e  f i r s t  del ivery u n i t .  

1. 

2. 

3. 

The spare  u n i t  i s  believed t o  b e  b e t t e r  tuned, mechanically, 

f o r  60 hz resonant operat ion.  

u n i t  i s  s l i g h t l y  l i g h t e r  t han  t h e  f i r s t  machine. 

The r e c i p r o c a t i n g  assembly f o r  t h i s  

It i s  be l ieved  t h a t  the average-so lenoid  a i r  gap is  s l i g h t l y  

smaller  f o r  t h e  spare  un i t .  
2 cur ren t ,  and hence l e s s  i R l o s s ,  f o r  t he  same d r i v e  f o r c e  l e v e l s .  

This would r e s u l t  i n  less solenoid 

P i s ton  clearances may be sma l l e r  i n  t h e  spare  u n i t .  

considerably increase  e f f i c i e n c y .  

This could 

The s i g n i f i c a n t  po in t  from Figure 30 is  t h a t  very  good o v e r a l l  e f f i c i e n c i e s  

can be obtained from the  gas- lubricated resonant compressor concept. 

With f u r t h e r  opt imizat ion s tudies  and b e t t e r  iindtvstending cf the desigz 

p r i n c i p l e s ,  i t  appears t h a t  o v e r a l l  e f f i c i e n c i e s  between 70 and 80 percent  

can be obtained. 

Subsequent t o  completion of t e s t ing ,  t he  spare  compressor and t h e  Aerodyne 

Gas Make-up Subsystem were shipped t o  MSFC. 
up view of t he  spare  compressor and the  Gas Make-up Subsystem r e s p e c t i v e l y .  

Figures  31 and 32 show a close-  
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Required System Modif icat ion 

There is one important l i m i t a t i o n  of t he  p re sen t  compressors. 

41 i s  increased ,  t o t a l  p i s t o n  s t roke  l ikewise  inc reases  f o r  any given 

va lue  of so lenoid  vo l t age .  

r e l a t i v e  p i s t o n  s t roke  versus  pressure r i s e  f o r  t h e  spa re  compressor a s  

a func t ion  of so lenoid  vo l t age .  

t he  so lenoid  plunger  on t h e  solenoid s t a t o r  a s  low-flow, h igh  Ap condi t ions  

a r e  obta ined .  

As cornpressor 

This i s  i l l u s t r a t e d  i n  Figure 33 which shows 

Above 75 v o l t s ,  i t  i s  p o s s i b l e  t o  bottom 

From a system s t andpo in t ,  excessive bui ld-up of p i s t o n  amplitude can be 

prevented by a simple change i n  r egu la t ion  concept which w i l l  prevent  t h e  

bui ld-up of high Ap 's .  

Figure 1, i t  i s  seen t h a t  t h e  platform Ap r e g u l a t o r  c o n s i s t s  of a v a r i a b l e  

o r i f i c e  i n  series wi th  the  platform load.  This type of  r e g u l a t o r  tends 

t o  main ta in  cons tan t  compressor f l o w ,  and d i s s i p a t e s  any excess  compressor 

p re s su re  r i se  a c r o s s  t h e  v a r i a b l e  o r i f i c e .  

i n  a n t i c i p a t i o n  t h a t  t h e  resonant  compressor flow-pressure c h a r a c t e r i s r i c s  

would b e  r e l a t i v e l y  f l a t  i n  the  v i c i n i t y  of t he  design-point  conditions. 

However, i t  i s  seen from Figures  25 and 29 t h a t  t he  flow-pressxre charac te r -  

i s t i c s  a re  a c t u a l l y  q u i t e  v e r t i c a l  i n  t h e  design-point  r e g i m .  Consequently, 

t h e  p la t form Ap r e g u l a t o r  should be changed from a cons tan t  f low, v a r i a b l e  

p re s su re  type of r egu la to r  t o  a constant  p re s su re ,  va r i ab le  f l o w  ur, i t  which 

w i l l  bypass excess compressor flow around t h e  p l a t  form. This type of 

r e g u l a t i o n  i s  b a s i c a l l y  check-valve r e g u l a t i o n .  

From the  Gas Supply System schemaric show- i n  

This mode of r e g u l a t i o n  was chosen 

The check-valve r e g u l a t o r ,  s ince  it l i m i t s  Compressor pressure  r i s e ,  W i L ;  

p r e v e ~ t  cxezssive bi i l ld- i ip of pistuir  a i ~ ~ p i i i u c i t .  mis type of reguidt  i 3 n  

has a l r eady  been demonstrated by MSFC, us ing  t h e  f i r s t  d e l i v e r y  ccmptcGqor 

a s  be ing  very e f f e c t i v e .  

-. 
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C ONC LUS IONS AND REC OMMENDAT IONS 

The primary consideration for successful development of a Gas Supply System 

for Hermetically Sealed Platforms is the availability of a compressor to meet 

the following requirements: 

1. long, maintenance-free life (,in excess of 10,000 hours continuous 

operation), 

2 .  hermetically sealable construction, 

3 .  truly non-contaminating operation (less than one part per million 

by weight of condensable hydrocarbon content), 

4 .  ability to operate during launch, 

5. ability to operate over an ambient temperature range of 0 to 60 
degrees C y  

6. minimum possible drive power, 

7. minimum weight and size consistent with the above objectives. 

A Resonant Piston Compressor utilizing a gas-lubricated piston was proposed 

as a unique approach to satisfying the above requirements. Two such compressors 

have been built and successfully tested at MTI- These compressors are now 

being evaluated by NASA-MSFC, with one unit having presently accumulated over 

2.700 hours of troiible-free operati_nn and 11'3 d e g r s i l e t f ~ a  of  p e r f o r a c ~ c c ,  

The second unit is also accumulating operating hours, at a somewhat slower 

rate, and has likewise given trouble-free operation to date. 

Perhaps the most striking attribute of the resonant compressor concept, 

from the standpoint of ultimate space system applications, is its high 

overall efficiency. One of the units presently being tested has shown a 
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b a s i c  o v e r a l l  e f f i c i e n c y  of almost 60 pe rcen t  a t  t h e  r equ i r ed  design-point  

cond i t ions .  Maximum e f f i c i e n c i e s  measured wi th  t h i s  u n i t  ( a t  higher  than 

r equ i r ed  p r e s s u r e s )  were almost 75 percent .  

r e l a t i v e  t o  what can p r e s e n t l y  be obtained wi th  conventional,  high-speed, 

low-flow compressors. 

a t i n g  p r i n c i p l e s  of t h e  resonant compressor, and by p u t t i n g  more emphasis 

on minimizing i n t e r n a l  leakages,  i t  appears t h a t  e f f i c i e n c i e s  i n  the  range 

of 80 t o  85 pe rcen t  may be  a t t a i n a b l e .  

e f f i c i e n c y  with r e s p e c t  t o  minimizing space v e h i c l e  power supply weight and 

s i z e  i s  w e l l  known. 

These e f f i c i e n c i e s  a r e  very high 

With development of b e t t e r  understanding of t h e  oper- 

The importance of high component 
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Recommendations 

Seve ra l  noteworthy improvements a r e  now recognized a s  being f e a s i b l e  and 

d e s i r a b l e  with r e s p e c t  t o  design of t h e  resonant  compressor. 

1. It i s  evident  from Figures  19, 31 and 32,  t h a t  t h e  envelope s i z e  

of t h e  compressor i s  determined by t h e  resonant  sp r ing  assembly. 

A 66 percen t  r educ t ion  i n  envelope s i z e  now appears  f e a s i b l e  us ing  

a s p e c i a l  c o i l  sp r ing  design i n  p l a c e  of t he  f l a t  U-shaped sp r ings  

p r e s e n t l y  being used. I n  add i t ion  t o  t h e  l a r g e  r educ t ion  i n  envelope 

volume, some reduc t ion  i n  weight w i l l  a l s o  be r e a l i z e d  a s  a r e s u l t  

of t h e  smaller  container  s ize .  

2 .  Fur the r  weight reduct ion appears f e a s i b l e  by s u b s t i t u t i n g  aluminum 

w i r e  f o r  t he  copper wire p re sen t ly  used i n  t h e  d r i v e  solenoid c o i l .  

A r educ t ion  of about f i v e  pounds (ioeo, about 12 percent  of t h e  p re sen t  

compressor weight) i s  possible ,  a l though a s l i g h t  increane  i n  i J? 

c o i l  l o s s e s  w i l l  probably be incu r red .  

2 

3 .  The compressor has a l r eady  been s u c c e s s f u l l y  t e s t e d  by MSFC i n  

a 10-g a c c e l e r a t i o n  f i e l d  with t h e  a c c e l e r a t i o n  vec to r  p a r a l l e l  

t o  t h e  p i s t o n  displacement,  

under t h i s  cond i t ion .  However, w i th  t h e  a c c e l e r a t i o n  vec to r  

Performance was v i r t u a l l y  unchanged 
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E 
perpendicular  t o  t h e  pis ton displacement,  compressor performance 

s t a r t s  t o  drop-off between 2 and 3 g ' s .  This  i s  undoubtedly due 

t o  s l i d i n g  con tac t  between t h e  p i s t o n  and c y l i n d e r  r e s u l t i n g  from 

t h e  l a r g e  bear ing r eac t ion  f o r c e s  produced by t h e  t r a n s v e r s e  g-loads 

on t h e  overhung solenoid plunger.  

To overcome t h i s  condition, i t  would be p o s s i b l e  t o  augment t h e  

s e l f - a c t i n g  p i s t o n  bearings wi th  a small  amount of h y d r o s t a t i c  

bear ing a c t i o n  us ing  compressor discharge f o r  bea r ing  p r e s s u r i z a t i o n .  

Although t h i s  w i l l  decrease t h e  n e t  compressor e f f i c i e n c y ,  t h e  bea r ing  

flow can be  minimized s o  a s  t o  provide j u s t  t h e  a d d i t i o n a l  load 

capac i ty  r equ i r ed  t o  support t he  s p e c i f i e d  g - l e v e l  over and above 

2 g ' s .  

Some a d d i t i o n a l  t r ansve r se  load capac i ty  may a l s o  be r e a l i z e d  by 

v i r t u e  of t h e  c o i l  sp r ing  design recommended above i n  p l ace  of t h e  

p re sen t  U-shaped s p r i n g s .  

4 .  Addit ional  study of t he  compressor mounting system should be  made 

t ak ing  i n t o  account t h e  e f f e c t  of t r a n s m i t t a l  f o r c e  l e v e l  on t h e  I U  

mounting pane l .  A r e a l i s t i c  mounting system s p e c i f i e a t i o n  should 

be def ined,  and commercially a v a i l a b l e  mounts and mounting systems 

evaluated i n  terms of t h e  s p e c i f i c a t i o n .  I f  commercially a v a i l a b l e  

mounts can not be made, or modified,  t o  s a t i s f y  t h e  s p e c i f i c a t i o n ,  

then the  p r e s e n t l y  designed mount-ing system should be f u r t h e r  improved 

a s  descr ibed on page 22 .  

5. The o v e r a l l  mechanical configurat ion of the eompresgnr s h o i l l d  n-ow 

be reviewed and modified a s  r equ i r ed  t o  s a t i s f y  a l l  app l i cab le  

Saturn V component design,  f a b r i c a t i o n ,  m a t e r i a l ,  r e l i a b i l i t y ,  and 

c l e a n l i n e s s  s p e c i f i c a t i o n s .  
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6. Optimization of t h e  compressor d r i v e  c i r c u i t  and d r i v e  solenoid 

should be  undertaken. To t h i s  end, a b e t t e r  a n a l y t i c a l  understanding 

of t h e  d r i v e  solenoid operat ing p r i n c i p l e s  must be obtained,  t oge the r  

w i th  s p e c i f i c  design procedures and equat ions.  

7 .  The ope ra t ing  p r i n c i p l e  of t h e  resonant  compressor appears  t o  be 

q u i t e  adaptable  t o  automatic Ap c o n t r o l .  

feedback c o n t r o l  techniques t o  continuously and au tomat i ca l ly  match 

compressor output t o  platform &I requirements,  t h e  o v e r a l l  e f f i c i e n c y  

of t h e  Gas Supply System can be s i g n i f i c a n t l y  improved. 

would e l imina te  t h e  need f o r  t h e  Ap r e g u l a t o r  shown i n  Figure 1, a s  

w e l l  a s  a vol tage r egu la to r  f o r  t h e  compressor d r i v e  c i r c u i t .  Both 

of t h e s e  components, and p a r t i c u l a r l y  t h e  Ap r e g u l a t o r ,  a r e  sources  

of power loss and hence a r e  de t r imen ta l  t o  o v e r a l l  system e f f i c i e n c y .  

By us ing  closed-loop 

This approach 

Perhaps the  most s i g n i f i c a n t  a spec t  of feedback c o n t r o l  of p l a t fo rm 

41 i s  t h e  a b i l i t y  t o  preprogram, o r  t o  randomly s e l e c t ,  t h e  d e s i r e d  

value of platform Ap using a n  on-board computer, t e l eme t ry ,  e tc .  

The a b i l i t y  t o  power-down t h e  compressor when high platform Ap 

i s  no t  r equ i r ed ,  by changing t h e  Ap s e t - p o i n t  va lue ,  would r e s u l t  i n  

very s i g n i f i c a n t  power savings.  

8 .  The use of an i n l e t  valve i n s t e a d  of an i n l e t  p o r t  f o r  t h e  compressor 

should be  reviewed from a r e l i a b i l i t y  s t andpo in t .  The p r e s e n t  i n l e t  

p o r t  i s  c e r t a i n l y  the  utmost i n  s i m p l i c i t y  and r e l i a b i l i t y  a s  f a r  a s  

va lve  mechanism i s  concerned. However, ope ra t ion  of t h e  p o r t  r e q u i r e s  

achievement of a c e r t a i n  minimum p i s t o n  displacement be fo re  i n l e t  

flow can begin.  Operation of a valved i n l e t ,  however, i s  dependent 

on cy l inde r  p re s su re  r a t h e r  than a s p e c i f i c  p i s t o n  displacement.  

Hence, i f  f o r  some reason p i s t o n  displacement should become con- 

s t r a i n e d  o r  l imi t ed ,  such a s  was perhaps t h e  case with the  t r a n s v e r s e  

c e n t r i f u g e  tes ts  performed by MSFC, t h e  compressor would cont inue 

t o  produce some output with a valved i n l e t ,  a s  opposed t o  a very 

r a p i d  drop-off i n  output with t h e  ported i n l e t .  



I a .  .. 
. .: * 

Use of a valved discharge i n  t h e  present  compressors has demonstrated t h a t  

-41- 

r e l i a b l e  va lves  can be obtained.  Perhaps t h e  optimum i n l e t  arrangement 

would be  a combination of t h e  present  i n l e t  p o r t s  supplemented by a small  

i n l e t  va lve .  
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Fig. 7 - Resonant Spring Assembly for Resonant Compressor 
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1 ..La 
RESONANT COMPRESSOR PERFORMANCE DATA 

NASA CONTRACT NO. NAS 8-11660 

MTI PROGRAM NO. RD- 272 

Inlet Pressure Lei2_ psia Pressure Rise& psi Flow L3aA5 SCFM 

Supply Voltage -- 60 cps, rms Total Input Power watts Overall Eff. % 

d-c 

Piston Amplitude from Equilbrium Fbsition, Suction Direction in. 

Piston Amplitude from Equilbrium Position , Discharge Direction in. 

Total Stroke - in. Valve Block Temperature E O F  

Distance from End of Cylinder to End of Piston in Equilibrium Position *!!in. 

Piston Dwg No. 141 307. .f ev: / Cylinder Dug No. /4/ 9 09.  /& 2 
PRESSURE-DISPIACP(EhT DIAGRAM BWRING ORBITS 

0 . 1  m i l s  per d i v i s i o n  

Displacement 
0 . 1  inch per d i v i s i o n  

Discharge 
Bearing 

Time 

Fig. 20 - Performance Characteristics of First Delivery 
Compressor at 5 PSI Pressure Rise 

MI-1758 



.. 1 . .  RESONANT COMPRESSOR PERFORMANCE DATA 

NASA CONTRACT NO. NAS 8-11660 

MTI PROGRAM NO. RD- 272 

RUN NO. 2/  
DATE 8/2 ?/65- 

GAS Air. 
Inlet Pressure /4*7 psla Pressure Rise /O.O psi Flow a, 6.4 SCFM 

Supply Voltoge $25  60 cps, rms Total Input Power watts Overall Eff. 'lo 

- d-c 

Piston Amplitude from Equilbrium Position, Suction Direction ez /p  in. 

Piston Amplitude from Equilbrium 'Position, Discharge Direction O=i+/ in. 

Total S t r o k e 0 0 3 6 0  in. Valve Block Temperature /L4 O F  

Distance from End of Cylinder to End of Piston in Equilibrium Position in. 

Piston Dwg No. /4/ 30;7. Rev: / Cylinder Dwg No. q, R eg R 

PRESSURE- DISPLACFMENT DIAGRAM BEARING ORBITS 
0.1 m i l s  per d i v i s i o n  

---* - 
Displaccmnt 

0.1 inch per d i v i s i o n  

, 
Time 

Fig. 21 - Performance Characteristics of First Delivery 
Compressor at 10 PSI Pressure Rise 

MTI-1759 
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I 1 .  RESONANT COMPRESSOR PERFORMANCE DATA 

NASA CONTRACT NO. NAS 8-11660 

MTI PROGRAM NO. RD-272 

RUN NO. z/ 
DATE 8 / 2 @ c  

GAS 

Inlet Pressure / % a 7  psla Pressure Rise iO.0 psi Flow SCFM 

Supply Voltage 725 60 cps, rms Total Input Power watts Overall Ef f .  % 

- d-c 

Piston Amplitude from Equilbrium Position , Suction Direction 0, in. 

Piston Amplitude from Equilbrium Position , Discharge Direction o-.ie/ in. 

Total Stroke6’03360 in. Valve Block Temperature /r4 O F  

Distance from End of Cylinder t o  End of Piston in Equilibrium Position in. 

Piston Dwg No. /4/ ‘307. fey: / Cylinder Dwg No. i‘f1-P y, ,? er/: 2 

BEARING ORBITS PRESSURE-DISPLACFMENT DIAGRAM 

, 

Time  

Fig. 21 - Performance Characteristics of First Delivery 
Compressor at 10 P S I  Pressure Rise 

MTI-1759 
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RESONANT COMPRESSOR PERFORMANCE DATA 

NASA CONTRACT NO. NAS 8-11660 

MTI PROGRAM NO. RD- 272 

Inlet Pressure .A,L psi0 Pressure Rise psi Flow 0.55 SCFM 

Supply Voltage 7% 5 60 cps, rms Total Input Power watts Overall E f f .  % 

- d-c 

Piston Amplitude from Equilbrium Position, Suction Direction 0 t25-0 in. 

Piston Amplitude from Equilbrium Position , Discharge Direction o f i  in. 

Total Stroke fl.e'6 in. Valve Block Temperature /cz9 O F  

Distance from End of Cylinder to  End of Piston in Equilibrium Position @ in. 

Piston Dwg No. /4/307. &e / Cylinder Dwg No. /4/ 9 07.  &V: -2 

PRESSUF.E-DISPUCBLEFI' DIAGRAM BEARING ORBITS 
0.1 m i l s  per d i v i s i o n  

Time  

Fig. 22 - Performance Characteristics of First Delivery 
Compressor at 15 PSI Pressure Rise 

MTI- 1760 



1 .* . *  . . .:, - I. 

I 
I 
1 
I 

RESONANT COMPRESSOR PERFORMANCE DATA 

NASA CONTRACT NO. NAS 8-11660 

MTI PROGRAM NO. RD- 272 

Inlet Pressure 1617 psia Pressure Rise lz5- psi Flow ad4Z4 SCFM 

Supply Voltage z. 60 cps, rms Total Input Power watts Overall Eff. Yo 
- d-c 

Piston Amplitude from Equilbrium Position, Suction Direction in. 

Piston Amplitude from Equilbrium Position , Discharge Direction 0*/72. in. 

Total Stroke O8453 in. Valve Block Temperature /3/ OF 

Distance from End of Cylinder to End of Piston in Equilibrium Position in. 

Piston Dug NO. j4l 3 07 . X ev: I Cylinder Dwg No. /4/ 3 07, 4Cv: R 

BEARING ORBITS 

n; "-7 

0.1 inch per d i v i s i o n  

- .  - >  0.25 inch per d i v i s i o n  
T i m e  

Fig. 23 - Performance Characteristics of First Delivery 
Compressor at 17.5 PSI Pressure Rise 

MTI-1761 
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RESONANT COMPRESSOR PERFORMANCE DATA 

NASA CONTRACT NO. NAS 8-11660 

MTI PROGRAM NO. RD-272 
RUN NO. .-?< 

DATE ?/.</& 
GAS 

Flow SCFM Inlet Pressure /4.,7 psla 

Supply Voltage 60 cps, rms Total Input Power watts Overall E f f .  % 

Pressure Rise 2a 0 psi 

- d-c 

Piston Amplitude from Equilbrium Position I Suction Direction 0,3/,2 in. 

Piston Amplitude from Equilbrium Position Dischorge Direction Od?? in. 

Total Stroke e*+?? a. Valve Block Temperature E O F  

Distance from End of Cylinder to End of Piston in Equilibrium Position e32f in. 

Piston Dwg No. /.a/ ' 07. 1 Cylinder Dwg No. /4iD 99 . Rev; A? 

n.,-, .."-..-- 
"*"PA'CU.S... 

0.1 inch per division 

BEARING ORBITS 
0.1 mils per division 

Time 

Fig. 24 - Performance Characteristics of First Delivery 
Compressor at 20 PSI Pressure Rise 

MTI-1762 



.. I . *  

1 .  
1 
E 
I 
I 
1 
I 
I 
I 
i 
I 
I 
I 
I 
I 
I 
I 
I 

. 
.< - 



.I 

1 . .  6-day run, spare compressor (9th hour of t e s t )  

RESONANT COMPRESSOR PERFORMANCE DATA 

NASA CONTRACT NO. NAS 8-11660 RUN NO. 51 

MTI PROGRAM NO. RD- 272 DATE 4-14-66 

Room Temperature 85 F GAS Air  

Inlet Pressure 14.7 psi0 Pressure Rise 17.0 psi Flow 0.483. SCFM 

Supply Voltage 85.5 60 cps, rms Total Input Power watts Overall Eff. 'Yo 

- d-c Solenoid Coil-aurface Temperature 108 F 

Piston Amplitude from Equilbrium k i t i o n ,  Suction Direction in. 

Piston Amplitude from Equilbrium Position , Discharge Direction in. 

Total Stroke in. Valve Block Temperature 143 O F  

Distance from End of Cylinder to  End of Piston in Equilibrium Position 0.328 in. 

Piston Dwg No. 141B07, Rev. 1 Cylinder Dug No. 141D09. Rev. 2 

BEARING X-Y TIME BEARING ORBITS 
BASE TRACES 
0 .1  mils  per v e r t i c a l  d iv i s ion  

0 .1  mi l s  per d iv i s ion  

- 
Time 

Solenoid voltage 

P i  6 ton displacement 

Time 

Fig. 26 - Performance Characteristics of Spare Compressor 
at 9th Hour of 153 Hour Continuous Run 

MTI- 1764 
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6-day run,  spa re  compressor (120th hour of t e s t )  

RESONANT COMPRESSOR PERFORMANCE DATA 

NASA CONTRACT NO. NAS 8-11660 

MTI PROGRAM NO. RD- 272 

Room Temperature 75 P 

RUN NO. 61 

DATE 6-19-66 

GAS A i r  

Inlet Pressure 14.7 psla Pressure Rise 17.0 psi Flow 0.541 SCFM 

Supply Voltage 86.9 60 cps, rms Total Input Power watts Overall Eff. YO 

d-c Solenoid Co i l - su r face  Temperature 107 F 

Piston Amplitude from Equilbrium Position, Suction Direction in. 

Piston Amplitude from Equilbrium Position, Discharge Direction in. 

Total Stroke in. Valve Block Temperature 139 O F  

Distance from End of Cylinder to End of Piston in Equilibrium Position 0.328 in. 

BEARING X-Y TIMe 
BASE TRACES 
0.1 mils per  v e r t i c a l  d i v i s i o n  

BEARING ORBITS 

0.1 mils  per d i v i s i o n  

t Discharge Bearing d 

Time 

P i s ton  displacement 

Solenoid vo l t age  

__c 

Time 

Solenoid c u r r e n t  

t ze ro  amps 

Solenoid vo l t age  

Fig. 27 - Performance Characteristics of Spare Compressor 
at 120th Hour of 153 Hour Continuous Run 
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6-day run, spare  compressor (150th hour  of  t e s t )  
3. 

RESONANT COMPRESSOR PERFORMANCE DATA 
I . ,  

1 .e:- 

NASA CONTRACT NO. NAS 8-11660 RUN NO. 63 

MTI PROGRAM NO. RD- 272 DATE 4-20-66 

Room Temperature 78 F GAS A i r  . 

I 
I 
1 
I 
I 

Inlet Pressure 14.7 psla Pressure Rise 16.9 psi Flow 0.543 SCFM 

Supply Voltage 86.9 60 cps, rms Total Input Power watts Overall Ef f .  % 

- d-c Solenoid C o i l - s u r f a c e  Temperature 107 F 

Piston Amplitude from Equilbrium Ppsition, Suction Direction in. 

Piston Amplitude from Equilbrium Position , Discharge Direction in. 

Total Stroke in. Valve Block Temperature 139 O F  

Distance from End of Cylinder to End of Piston in Equilibrium Position 0.328 in. 

Piston Dwg NO. 141B07. Rev. 1 Cylinder Dug No. 1 4 1 ~ 0 9 .  Rev. z 

BEARING X-Y TIME 
BASE TRACES 
0.1 m i l s  p e r  v e r t i c a l  d i v i s i o n  

BEARING ORBITS 
0.1 m i l s  per  d i v i s i o n  

Solenoid  c u r r e n t  

t z e r o  amps 

Solenoid  voltage I 
I P i s t o n  displacement Solenoid  v o l t a g e  

- - 
Time Time 

Solenoid  c u r r e n t  

t z e r o  amps 

Solenoid  voltage I 
I P i s t o n  displacement Solenoid  v o l t a g e  

- I - 
Time Time 

I 
1 

Fig. 28 - Performance Characteristics of Spare Compres.;;or 
at 150th Hour of 153 Hour Continuous Run 

MTI-1766 
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Fig. 29 - Flow Versus Pressure Rise as a Function of 
Solenoid Voltage for the Spare Compressor 
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A- 2 

CONTRACT NAS8-11660 
MECHANICAL TECHNOLOGY I N C .  

SCOPE OF WORK 

PART I - STATEMENT OF WORK 
SATURN V ztrrrarch and drvelopmmt - gee supply r y r t a n  f o r  h r r m r t i c a l l y  

eealrd platforme. 

1. Design a gas supply system inc luding  cornpressor t o  t h e  
s p e c i f i c a t i o n s  o u t l i n e d  below. 

2. Manufacture and de l ive r  one complete pro to type  system. 

3.  Manufacture and de l ive r  one compressor complete wi th  f i t t i n g s  
s u i t a b l e  for  use  a s  a s p a r e  compressor f o r  t h e  system. 

4. System Operation: 

a.  F igure  1 i s  included t o  i l l u s t r a t e  a p o s s i b l e  component 
arrangement i n  o r d e r  t o  c l a r i f y  the  type of  system des i red .  
intended t o  f i x  t h e  design.  This f i g u r e  w i l l  be used a s  a r e fe rence  t o  
b r i e f l y  desc r ibe  t h e  system operat ion.  

It i s  no t  

b. Gas of t h e  des i r ed  s p e c i f i c a t i o n s  i s  to  be suppl ied  t o  
t h e  s t a b i l i z e d  platform.  The gas, a f t e r  f lowing through t h e  gas  bear ing  
components, w i l l  be e j e c t e d  i n t o  t h e  void  i n s i d e  t h e  p la t form cover; and 
t h e  system loop i s  c losed  by re turn ing  t h i s  e j e c t e d  gas  t o  t h e  inpu t  of 
t h e  compressor. 

c. I f  t h e  pressure  i n s i d e  t h e  p la t form cover drops below 
a s p e c i f i e d  l i m i t ,  replenishment of gas from t h e  gas  r e s e r v o i r  i n t o  t h e  
p l a t fo rm cover i s  a c t i v a t e d  and is deac t iva t ed  when a s p e c i f i e d  upper 
l i m i t  of p re s su re  i s  reached. 

5 .  Phys ica l  Spec i f i ca t ion  (System): 

S i ze  - 2811 square panel  (appmx. - nn h r g e r )  
Weight - minimum t o  achieve o t h e r  s p e c i f i c a t i o n s  
Mounting - op t iona l  
Ambient temperature op r a t i n g  range - O°C + 6OoC 
Ambient pressure  - IOm8 Torr  (space vacuum) 

I MTI-1711 



CONTRACT NhS8-11660 
MECHANICAL TECHNOLOGY INC. 

Scope of Work (Contld) 

6. Compressor Spec i f i ca t ions :  

P1 = 
Caa flow = 14 to  15 liters/min 
Output t o  system = capable  of monitoring 15 p a i g  = 4 a t  

inpu t  prassure range 12 t o  15 p s i a  

0.50 r c h ,  as mraeurrd a c r o s s  p l a t -  
f o m  

7 . Gae Supply Spec i f i ca t ions  : 

Gar reservoir - cut i n  a t  12 = 4 p r i a  a b r o l u t r  p r r r r u r r  
cut o u t  a t  15 - 4 p r i a  a b e o l u t r  p r e r s u r r  

A 4 CU. f t .  volume t i t an ium sphare e h a l l  be used f o r  
t h e  gas r e se rvo i r .  Sources f o r  t h e s e  aphrras  include: 

(a) Menasco Mfg. Co., 805 S. Fernando Blvd., 
Burbank, C a l i f o r n i a  

( b )  A i r i t e  Products, Div. of Elec t r ada  Corp., 
3518 East Olympic Blvd., 
Los Angeles, C a l i f o r n i a  

Output temperature of gas: 1 5 O C  5 5OC 
Dew po in t :  l e s s  than minus 54OC 
Dust p a r t i c l e s  - no g r e a t e r  than 8 microns 
Condensible hydrocarbon content  - less than 1 p a r d m i l l i o n  

by weight 

8. System Vibrat ion Requirements: 

Linear a c c e l e r a t i o n  - log 
Log sweep - 15 minutes 
0-30 cps a t  0.2 inch double amplitude 
30-2,OOO cps a t  58 
Shock - 508 f o r  11 mi l l i s econds  

9. E l e c t r i c a l  Power: 

Voltage - either 26 v o l t s ,  400 cyc le  ac o r  28 V dc 
Power - 150 watts  maximum 

10. Operating L i f e  - 10,000 hours. 

2 
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APPENDIX B 

B- 1 

1 
I 
I 

COMPONENT SPECIFICATIONS FOR GAS SUPPLY SYSTEM AS SHOWN I N  FIGURE 1 
(Refe rence  Drawing SK-A- 1889) 

Genera 1 C o n d i t i o n s  For  Each Component 

NUMBER REQUIRED PER SYSTEM - 1 each 

SIZE - Minimum c o n s i s t e n t  w i t h  r e l i a b l e  d e s i g n  

WEIGIFT - Minimum c o n s i s t e n t  w i t h  r e l i a b l e  d e s i g n  

AMBIENT TEMPERATURE RANGE - O°C t o  +60°C 

AMBIENT PRESSURE - Sea Leve l  t o  Tor r  (Space Vacuum) 

VIBRATION REQUIREMENTS - L i n e a r  A c c e l e r a t i o n  - l og  

Log Sweep - 15 minu tes  

0 - 30 cps a t  0.2 i n c h  doub le  ampl i tude  

30 - 2000 c p s  a t  5g 

Shock - 50g f o r  11 m i l l i s e c o n d s  

OPERATING LIFE - 10,000 hour s  

EQUIPMENT FOR SATURN V DEVELOPMENT 

CLEANING SPECIFICATION - MSFC- 1041-9906A 

LUBRICATION SHOULD NOT BE NECESSARY FOR OPERATION. 

I t e m  D - Low P r e s s u r e  F i l t e r  

TEMPERATURE - 15'6 2 5 O C  

INPUT PRESSURE - 31 PSIA 

CLEAN PRESSURE DROP - 0 .1  PSI maximum a t  f low of 

REMOVAL RATING - 98% 1.5 microns 

0 .5  SCF'M n i t r o g e n  g a s  

100% 15 0 m F r r n x  

RELIEF VALVE - None 

EXTERNAL LEAKAGE - Zero 

PROOF PRESSURE - 60 PSIA 

BURST PRESSURE - 75 PSIA 

INLET PORT - AND-10050-4 

OUTLET PORT - AND- 10050-4 

MATERIAL - Anodized aluminum o r  s t a i n l e s s  s t ee l .  
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I t e m  E - D i f f e r e n t i a l  P r e s s u r e  Regu la to r  

INLET TEMPERATURE - 15OC - -I- 5 O C  

FLOW - 0.5 SCFM n i t r o g e n  g a s  

Dew p o i n t :  Less  t h a n  -54OC 

PRESSURE SCHEDULE: 

INPUT PRESSURE RANGE - 28 to  31 PSIA 

OUTPUT PRESSURE RANGE - Capable of p r o v i d i n g  a p r e s s u r e  i n c r e a s e  o v e r  

the compressor inlet (compressor  i n l e t  r a n g e  

of 12  PSIA t o  15 PSIA) of 15 - + 1 / 2  PSIG 

RESPONSE TIME - 
VALVE TO FAIL OPEN 

NO CONSTANT REFERENCE PRESSURE, THEREFORE VALVE I S  TO HOLD CONSTANT fl OF 

15 - 9 1 / 2  PSIG. 

LIFE - 10,000 h o u r s  

INLET PORT - AND-10050-4 

OUTLET PORT - AND- 10050-4 

DOME LOADING PORT - AND- 10050-4 

PROOF PRESSURE - 60 PSIA 

BURSH PRESSURE - 75 PSIA 

EXTERNAL LEAKAGE - Zero 

INTERNAL LEAKAGE - Zero 

MATERIAL - Anodized aluminum or s t a i n l e s s  s t e e l .  

I t e m  F - R e s t r i c t o r  

INLET PRESSURE - 27 t o  30 PSIA 

OUTLET PRESSURE - 12 t o  15 PSIA 

r ~ u w  0.003 SCEi  riiirogen g a s  

GAS TEMPERATURE - O°C t o  15OC 2 5OC 

RESTRICTOR TO ACT AS A CONTROLLED LEAK I F  LOW PRESSURE REGULATOR DIAPHRAGM 

mT n t r  - 

SHOULD FAIL. 

NORMALLY THE RESTRICTOR I S  A ZERO FLOW ORIFICE. 

EXTERNAL LEAKAGE - Zero 

INLET PORT - AND-10050-4 

OUTLET PORT - AND-10050-4 

PROOF PRESSURE - 60 PSIA 



1 :+ BURST PRESSURE - 75 PSIA 

MATERIAL - Anodized Aluminum o r  S t a i n l e s s  S t e e l .  I 
I t e m  J - C a l i b r a t e d  O r i f i c e  

INLET TEMPERATURE - O°C t o  6OoC 

FLOW - 15 s t d .  in . /min .  n i t r o g e n  gas ,  Flaw d e c r e a s e s  a s  i n l e t  p r e s s u r e  d e c r e a s e s .  

INLET PRESSURE - 3000 PSIA - a s  r e s e r v o i r  e x h a u s t s  p r e s s u r e  d e c r e a s e s  t o  300 PSIA 

3 

OUTLET PRESSURE - 12 - + 1 / 2  PSIA t o  15 2 1/2 PSIA 

LIFE - 10,000 h o u r s  

PROOF PRESSURE - 4500 PSIA 

BURST PRESSURE - 6000 PSIA 

INLET PORT - AND-10050-4 

OUTLET PORT - AM)- 10050-4 

EXTERNAL LEAKAGE - Zero 

MATERIAL - Anodized Aluminum o r  S t a i n l e s s  S t e e l  

I t e m  L - High P r e s s u r e  F i l t e r  

TEMPERATURE - O°C t o  6OoC 

INPUT PRESSURE - 3000 PSI maximum 

CLEAN PRESSURE DROP - 1.0 PSI maximum a t  flow of 15 s td .  i n ,  /min. n i t r o g e n  g a s  

REMOVAL RATING - 98% 1.5 microns 

3 

100% 15 .O microns 

EXTERNAL LEAKAGE - Zero 

PROOF PRESSURE - 4500 PSIA 

BURST PRESSURE - 6000 PSIA 

LNLbL' PUKr - AND- 1 o o S W - 4  

OUTLET PORT - AND- 10050-4 

-_-- -_ 

MATERIAL - Anodized aluminum o r  s t a i n l e s s  s t ee l  

SURFACE AREA OF FILTER OPEN TO GAS FLOW TO BE 3 . 0  I N .  MINIMUM. 

FILTER MAY BE INCORPORATED I N  A COMMON MANIFOLD CONTAINING ITEMS V, N, AND T. 

2 
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1 ..:. 
I t e m  M - P r e s s u r e  Swi t ch  

I 

1 
I 
I 

SWITCH ACTUATES AT 3000 -ooo PSIA 

SNTCH BREAKS AT LESS THAN 3000 PSIA 

TEMPERATURE - O°C t o  6OoC 

NITROGEN GAS 

AUTOMATIC RESET 

28 VDC 

HERMETIC ELECTRICAL CONNECTOR - MS- 3112, MS- 3113 

LIFE - 10,000 hours 

CYCLES OF OPERATION - 1000 

PROOF PRESSURE - G500 PSIA 

BURST PRESSURE - 6000 PSIA 

EXTERNAL LEAKAGE - Zero 

INLET PORT - AND-10050-4 

SWITCH MAY BE BELLOWS, BOURDON TUBE OR METAL DIAPHRAGM CONSTRUCTION. 

SWITCH CONTACTS TO BE HERMETICALLY SEALED 

ELECTRICAL LOAD ON SWITCH CONTACTS TO BE INDUCTIVE (A RELAY) 

MAXtMUM CURRENT WILL BE ONE AMPERE 

MATERIAL - Anodized aluminum o r  s t a i n l e s s  s t ee l  

I t e m  N - R e s e r v o i r  F i l l  Va lve  

TWO VALVES REQUIRED LOCATED AT RIGHT ANGLES 

NITROGEN GAS 

TEMPERATURE - O°C t o  6OoC 

LIFE - 10,000 hours 

INLET PRESSURE - 3000 PSIA 
,'T*IT,"~, nll A - - r . v m  n..n-r..rmn 
I'IIIYILWL.I ~ C ~ A L L L Y C T  rIu5aauKn - 35 P S I A  ior zero  ieaicage 

INLET PORT - AND-10050-4 

OUTLET PORT - AND- 10050- 4 ( I F  REQUIRED) 

EXTERNAL LEAKAGE - Zero 35 t o  3000 PSIA 

PROOF PRESSURE - 4500 PSIA 

BURST PRESSURE - 6000 PSIA 

FAIL CLOSE 

MATERIAL - Anodized aluminum o r  s t a i n l e s s  s t ee l .  
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1 ?* I t e m  P - R e s e r v o i r  

PRESSURE - 3000 -ooo +200 PSIA 

TEMPERATURE - O°C t o  6OoC 

NITROGEN GAS 
3 VOLUME - 1 / 2  f t  (APPROX.) 

MATERIAL - E l e c t r o l e s s  n i c k e l - p l a t e d  s teel  

INLET PORT - AND- 10050-4 minimum 

LIFE - 10,000 h o u r s  

EXTERNAL LEAKAGE - Zero 

PROOF PRESSURE - 4500 PSIA 

BURST PRESSURE - 6000 PSIA 

I t e m  R - R e l i e f  Valve 

INLET PRESSURE - 12 t o  15 PSIA 

RELIEF PRESSURE SETTING - 18 f 1 PSIA 

INLET TEMPERATURE - O°C t o  6OoC 
3 NITROGEN GAS FLOW - 15 s t d .  in .  /mine minimum when open a t  19 PSIA 

LEAKAGE WHEN CLOSED - Zero 

LIFE - 10,000 h o u r s  

INLET PORT - AND-10050-4 

VALVE TO OPERATE NORMALLY AFTER BEING SUBJECTED TO 30 PSIA 

MATERIAL - Anodized aluminum o r  s t a i n l e s s  s tee l .  

I t e m  S - Abso lu te  P r e s s u r e  Regula tor  

INLET TEMPERATURE - O°C t o  6OoC 

INLET PRESSURE - 3000 PSIA - a s  r e s e r v o i r  e x h a u s t s  p r e s s u r e  d e c r e a s e s  t o  300 PSIA 

OUTLET PRESSURE - 13.5 4- 0 .5  PSIA - 
3 FLOW - 15 s t d .  in . /min .  n i t r o g e n  gas  

EXTERNAL LEAKAGE - Zero 

INTERNAL LEAKAGE - Zero 

LIFE - 10,000 hour s  

INLET PORT - AND-10050-4 

OUTLET PORT - AND- 10050-4 
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. .. .* 
PROOF PRESSURE AT INLET - 4500 PSIA 

PROOF PRESSURE AT OUTLET - 30 PSIA 

BURST PRESSURE AT INLET - 6000 PSIA 

BURST PRESSURE AT OUTLET - 45 PSIA 

VALVE FAILS OPEN 

MATERIAL - Anodized aluminum o r  s t a i n l e s s  s t e e l  

I t e m  T - Relief Valve (Rese rvo i r  P r o t e c t i o n )  

INLET PRESSURE - 0 t o  3000 PSIA 

0PENT.NG PRESSURE - 3300 PSIA 

RESEAT PRESSURE - 3150 PSIA 

INLET TEMPERATURE - O°C t o  6OoC 

LEAKAGE WHEN SEATED - Zero 

LIFE - 10,000 hours  

INLET PORT - AND-10050-4, o r  v a l v e  may b e  p a r t  of common mani fo ld  f o r  items 

V,  N,  and T.  

MATERIAL - Anodized aluminum o r  s t a i n l e s s  s t e e l  

I t e m  V - Burs t  Disk ( R e s e r v o i r  P r o t e c t i o n )  

INLET PRESSURE - 0 t o  3000 PSIA 

INLET TEMPERATURE - O°C t o  6OoC 

LEAKAGE - Zero 

LIFE - 10,000 hours  

BURST PRESSURE - 3900 f 5% PSIA 

MATERIAL - Anodized aluminum o r  s t a i n l e s s  s t e e l  

UYUL r u K i  Tnirnrn -A_- - AiCbi0050-4, may b e  p a r t  of common mani fo ld  f o r  items V, N ,  and T.  
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INTRODUCTORY COMMENT3 

The t e s t s  r e p w t e d  i n  t h i s  document were conducted 

i n  Aerodyne Cont ro ls  environmental ly  c o n t r o l l e d  "white room". 

The t e s t  gas used was s p e c i a l l y  condi t ioned ,  dry ,  o i l - f r e e  

a i r  p r e f i l t e r c d  t o  a t e n  ( L O )  micron a b s o l u t e  l e v e l .  

Typica l  t e s t  condition:; were as follows : 

1. lns t rurnenta t lon  accuracy 

Unleee otherwise spec i f ied .  + 1/25 fo r  a l l  p re s su res  and 
2$ f o r  a l l  flows 

2. T -st specirnen ambient : white room a r e a  

70+2'F. 33 t o  31, inches mercury p res su re  
a n a  50$ or  less r e l a t i v e  humidi ty  

3. Ina t rumen ta t ion  ambient 

70+10°F, 28 t o  32 inches  mercury p r e s s u r e  
an8 %$ o r  l e s s  r e l a t i v e  humidity 

DOCUMENT NO. 

TR-670 IDENT. NO. SIZE 

SHEET 2 0 

MTI-1715 
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c - 3  

1.0 SUMMARY 

T h i s  r e p o r t  p re sen t s  t h e  r e s u l t s  of f i n a l  acceptance  test-  

i n g  on a Make-up Oas Supply System, Aerodyne Cont ro ls  

Corpora t ion  P/N 670-1-000, designed t o  meet or b e t t e r  t h e  

requi rements  of Mechanical Technology Incorpora t ed  Compo- 

nent  D e f i n i t i o n  Shee ts  (Ref:  MTI Quo ta t ion  Request 

No. 65-1-19-1, Item 2). 

The Make-up Gas Supply System c o n t a i n s  t h e  fo l lowing  

components (Ref :  Aerodyne Cont ro ls  Dwg. 670-1-000B). 

S torage  Vessel  

Manifold Assembly 

1. Limi t ing  o r i f i c e ,  charg ing  flow 
2. Two ( 2 )  i d e n t i c a l  cha rg ing  va lves  goo ou t  

. Relief Valve 2 . Rupture Disc 
5. Pressure  Switch 
6. F i l t e r  Assembly 
7. Flow l i m i t i n g  o r i f i c e ,  s t o r a g e  v e s s e l  f low 

of phase w i t h  r e s p e c t  t o  l o c a t i o n  

Absolute  Pressure Regula tor  

Absolute  Pressure Relief Valve 

t e a t s  performed and r e p o r t e d  i n  t h i s  document a r e  

the f o l  low i n g  : 

1. Storage  Vessel Proof P res su re  
2. Actua t ion  p res su re  and de -ac tua t ion  p r e s s u r e  of 

t h e  p r e s s u r e  switch (Item B-5 above)  
3. Cracking and r e s e a t  p r e s s u r e  of the  manifold 

re l ief  va lve  (Item B-3 above) 
4. Cracking p res su re  of t h e  charg ing  va lves  

( I tem B-2 above) 
5. Flow data on t h e  s t o r a g e  v e s s e l  flow l i m i t i n g  

o r i f i c e  ( i t e m  above j 
6. Cracking and r e s e a t  p r e s s u r e  of the  a b s o l u t e  

p r e s s u r e  r e l i e f  va lve  (Item D above) 
7. Regula t ion  characteristics of the a b s o l u t e  p r e s -  

s u r e  r e g u l a t o r  (Item C above) 

MTI- 1716 
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CODE 
IDENT. NO. 

r e l i e f  va lve )  and t h e n  began t o  decay. 

r e s e a t e d  a t  a manifold ( s t o r a g e  v e s s e l )  p r e s s u r e  of 600 PSIG. 

Ex te rna l  leakage a t  t h e  600 PSIG p res su re  was measured by 

bubble c o l l e c t i o n  wi th  t h e  r e l i e f  valve submerged. No 

bubbles were c o l l e c t e d  i n  a t h r e e  ( 3 )  minute p e r i o d ,  

R e s u l t s  of t h e  t e s t  were s a t i s f a c t o r y .  

2.4 Cracking P res su re  of Charging Valves 

The r e l i e f  valve 

A low p r e s s u r e  air  supply  was connected t o  t h e  manifold 

i n l e t .  The f i rs t  charging va lve  was i n s t a l l e d ;  t h e  second 

charg ing  va lve  was n o t .  

t o  t h e  manifold i n l e t  p o r t .  C o l l e c t i n z  bubbles,  w i t h  t h e  

manifold subrnerzed i n  i sop ropy l  a l coho l ,  a flow r a t e  of 

1.0 SCCM was i nd ica t ed .  The p res su re  a p p l i e d  t o  t h e  

manifold i n l e t  por t  was decreased  t o  30 PSIG. No bubbles 

were c o l l e c t e d  dur ing  t h e  three (3) minute c o l l e c t i o n  

pe r iod  . 
The second charzing va lve  was i n s t a l l e d  i n  t h e  manifold 

and t h e  manifold i n l e t  p r e s s u r i z e d .  Cracking p r e s s u r e  

was i n d i c a t e d  by  c o l l e c t i n g  bubbles emanating from t h e  

p r e s s u r e  switch por t  ( t h e  p r e s s u r e  swi tch  was not  ye t  

i n s t a l l e d  on t h e  manifold) w i t h  t h e  manifold submerged 

i n  i sop ropy l  a l coho l .  With a n  i n l e t  p r e s s u r e  of 43 PSI0 

a p p l i e d  t o  t h e  manifold i n l e t  p o r t ,  a flow of 1.0 SCCM 

was c o l l e c t e d .  Decreasing the  manifold i n l e t  p r e s s u r e  

t o  35 PSIG, no bubbles were c o l l e c t e d  f o r  t h e  three (3)  

minute c o l l e c t i o n  per iod .  

A p r e s s u r e  of 33 PSIO was supp l i ed  

DWQ. DOCUYENT NO. REV 
SIZE TR-670 A SHEET 5 OF 10 
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The a i r  supply was then  d isconnec ted  from t h e  manifold 

i n l e t  p o r t  and a t t ached  t o  t h e  p r e s s u r e  swi tch  p o r t .  

A p r e s s u r e  of 35 PSIG was a p p l i e d  t o  t h e  p r e s s u r e  swi tch  

P o r t .  With t h e  manifold submerged, no bubbles were 

c o l l e c t e d  over  a ten minute pe r iod .  Th i s  i n d i c a t e d  

t ha t  t h e  charging va lves  s e t t i n g  was s u f f i c i e n t  t o  hold  

a s t o r a g e  v e s s e l  p ressure  of 35 PSIG. 

The charg ing  valve tes t  r e s u l t s  were s a t i s f a c t o r y .  

2.5 Limi t ing  O r i f i c e  Flow Data 

Flow data on t h e  flow l i m i t i n C  o r i f i c e  was taken p r i o r  

t o  assembly of the  l i m i t i n g  o r i f i c e  i n  t h e  manifold.  

With t h e  l i m i t i n g  o r i f i c e  ( a c t u a l l y  a c a p i l l a r y  tube  

assembly)  mounted i n  a s p e c i a l  t e s t  f i x t u r e ,  an  i n l e t  

p r e s s u r e  of 3200 PSIG ( a i r )  was a p p l i e d .  The l l i n i t i n ~  

o r i f i c e  flow r a t e ,  measured on a F i s h e r  & P o r t e r  flow- 

meter (‘& accuracy) ,  was 265 SCCKwhich i s  equ iva len t  t o  

16.27 SCIM. 

measured a t  h l e t  p re s su rns  of 3CO0, 2500, 2C00, 1500, 

500 and 300 h I G .  The r e s u l t s  of t h e s e  measuremcr,ts a r e  

p resen ted  g raph ica l ly  I n  F igu re  I (see a t t achmen t ) .  

The flow ra te  t h r u  t h e  assembly was a l s o  

2.G Absolute  P res su re  Rel ie f  Valve 

The a b s o l u t e  p re s su re  r e l i e f  va lve ,  Aerodyne Y/N 672-2-000, 

S/N 001, WFS t e s t e d  s e p a r a t e  from t h e  system. k low p r e s -  

suz-e sir “2pp1:‘ W E S  a_tta_ched tc the i n l e t  nf the r e l i e f  

va lve ,  and  a pressure  of 30 PSIA a p p l i e d  f o r  a per iod  of 

f i v e  (5 )  minutes during which t ime t h e  va lve  was r e l i e v i n g .  

QWG. DOCUMENT NO. REV. 
SIZE 

TR-670 A. S H E E T 6  OF 10 
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The u n i t  was then aubmerged i n  i sop ropy l  a l c o h o l  f o r  

de t e rmina t ion  of the  c racking  p r e s s u r e  by bubble c o l l e c -  

t i o n .  S t a r t i n g  a t  15 P S I A  t h e  i n l e t  p r e s s u r e  t o  t h e  

u n i t  was slowly increased .  A flow r a t e  of 1.0 SCCM was 

found a t  an  app l i ed  i n l e t  p re s su re  of 18.3 P S I A  

(measured on a manometer, - +.02/accuracy).  

p r e s s u r e  was increased  t o  19 P S I A  and t h e  flow measured 

a t  t h i s  cond i t ion  was i n  excess  of 30 SCIM. The I n l e t  

p r e s s u r e  was s l o w l y  decreased .  The r e l i e f  va lve  rescated 

a t  17.4 PSIA, a s  Ind ica t ed  by  no bubbles emanating from 

the  r e l i e f  va lve  vent p o r t  f o r  a pe r iod  of t h r e e  (3)  
minutes.  There was no e x t e r n a l  leakage (which would 

have been Ind ica t ed  by bubbles)  a t  t h e  17.4 P S I A  i n l e t  

p r e s s u r e  when h e l d  fo r  a per iod  i n  excess  of 10 minutes.  

The t e s t  r e s u l t s  on P/N 672-1-000 were s a t i s f a c t o r y .  

PSIA - 
The i n l e t  

2.7 Absolute  P res su re  Regulator  (P/N 674-1-000) 

The a b s o l u t e  p re s su re  r e g u l a t o r ,  AerodSne P/N 674-1-000 

was proof p r e s s u r e  t e s t e d  with a n  a p p l i e d  I n l e t  p r e s s u r e  

of 4500 PSIA he ld  f o r  a per iod  of f i v e  (5)  minutes.  No 

e x t e r n a l  leakage was v i s i b l e  w i t h  the  u n i t  submerged i n  

i sop ropy l  a l c o h o l .  The r e g u l a t e d  o u t l e t  p r e s s u r e  du r ing  

t h e  tes t  was 13.1 P S I A .  

The i n l e t  p r e s s u r e  t o  t h e  u n i t  was decreased t o  3000 P S I A  

azd z p~ri08  i i i  ~ X C ~ B B  rive (5; minutea. 

Simultaneously,  the o u t l e t  p o r t  was p r e s s u r i z e d  t o  18 P S I  

and he ld  f o r  t h e  f i v e  minute pe r iod .  During the tes t ,  the 

uni t  was submerged i n  i sop ropy l  a l c o h o l .  No bubbles,  

MTI-1720 
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( i n d i c a t i n g  e i t h e r  i n t e r n a l  o r  e x t e r n a l  leakage)  were 

found . 
The o u t l e t  prevsure a i r  supply was removed and t h e  uni t  

removed from t h e  IsoFropyl  a l c o h o l .  The u n i t s  r e g u l a t i o n  

c h a r a c t e r i s t i c s  were t e s t e d  w i t h  d ry  a i r  a t  I n l e t  p re s -  

s u r e s  of 3000, '2500, 2000, 1500, 1000, 500 and 300 PSIA 

and flow r a t e s  of 1 5  SCIM and z e r o  flow. The o u t l e t  

p r e s s u r e  va r i ed  between 13.30 PSIA and 13.68 PSIA 

(measured on a manometer, 0.02 PSIA accuracy ) ,  w e l l  

w i th in  t h e  al lowable t o l e r a n c e  of 13.5+0.5 - PSIA. 

The t e s t  resul ts  were s a t i s f a c t o r y .  

2.& T o t a l  System Externa l  Leakage 

The complete 670-1-000A system wa6 checked f o r  e x t e r n a l  

leakage.  The otorage v e s s e l  was charged t o  3000 PSIG 

and t h e  i n l e t  supply disconnected.  The system was sub- 

merged I n  a tank cf i sop ropy l  a l c o h o l  f o r  f i v e  ( 5 )  

minutes.  The a b w l u t c  pressure r e g u l a t o r ,  P/N 674-1-000, 

~1,188 ir! R ze ro  f l a w  conditl-on, s i n c e  t h e  o u t l e t  p o r t  was 

vented t o  ambient (14.7 PSIA). No bubbles,  i n d i c a t i v e  

of e x t e r n a l  leakage, were observed emanating from t h e  

system s u r f a c e s  and s e a l s .  The system was removed from 

t h e  i sop ropy l  a l coho l  and t h e  p re sau re  swi tch  e x t e r n a l  

leakage s e a l  broken by p a r t i a l  backing o f f  of t h e  pres -  

9-E-e switch frnm the mnnlfnld fnCP;  th12n vent ing the 

s t o r a g e  v e s s e l  charge. The p res su re  swi tch  was then  

r e t u r n e d  t o  i ts  s e a l i n g  p o s i t i o n  and lockwired.  

MTI-1721 
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2.9 T o t a l  System Cleanl lneee 

System c l e a n l i n e s s  wos determined by Gas Scrubber  Te.st 

on 1) P/N 674-1-Oc?O, a b s o l u t e  p r e s s u r e  r e g u l a t o r ,  and 

P/N 672-2-000 abso lu te  p r e s s u r e  re l ie f  va lve ,  connected 

t o g e t h e r  (as I n  the system) and 2 )  on the conp le t e  

manifold assembly, w i t h  s t o r a g e  vessel, bu t  w i t h  t h e  

flow 3.lmltlng o r i f i c e  R o t  i n s t a l l e d .  

These tes ts  were conducted p r i o r  t o  f i n a l  assembly s i n c e  

i t  was necessary  f o r  1) t h e  o u t l e t  p r e s s u r e  of t h e  

a b s o l u t e  Fress-me r e e u l a t o r  I j jN  674-1-000 t o  Le raised 

t o  16.5 PSIA t o  obta in  t h e  r e q u i r e d  gas scrubber  t es t  

f low and 2) t o  conduct t h e  gas scrubber  +.est  on the 

Fan i fo ld  assembly without  t h e  flow l i m i t i n g  o r i f i c e  i n -  

R t a l l e d  i n  o rde r  t o  meet t h e  r e q u i r e d  gas sc rubbe r  t e s t  

f low requi rement .  R e s u l t s  of both tests were s a t i s f a c t o r y .  

The a b s o l u t e  prescure  r e g u l a t o r  P/IJ 674-1-000 was s e t  a t  

Its proper  o u t l e t  p r e s s u r e  and a r e g u l a t i o n  t e s t  per-  

formed cn  t h e  u n i t  ( s e e  Para. 2 .7 ) .  The s t o r a g e  v e s s e l  

was removed f romthe  manifold and the flow l l m l t l n g  

orif  I c e  i n s t a l l e d .  The storage v e s s e l  was re-assembled 

on the  manifold,  P/N 674-1-000, a b s o l u t e  p r e s s u r e  r egu la -  

t o r ,  and P/N 672-2-000, abRolute  p r e s s u r e  r e l i e f  va lve ,  

were assembled t o  t h e  manifold and t h e  e x t e r n a l  leakage  

teat,  ! m e  Para. 2.8) conducted. 
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ATTACHMENTS 

1.  Test Data Sheet dated 12-1-65, P/N 670-1-000A 

2 .  Test  Data Sheet dated 12-1-65, P/N 674-1-000 

3 .  Figure I - Manifold Capillary ABSY.,  Gas Bearing Makeup, 
Gas Supply System, P/N 670-1-000 
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Title  PARTS L \ S T  F O R  
P A N E L  ASS€M BLY 

L j  
MECHANICAL TECHNOLOGY INCORPORATED 

err$ % a 1 P L \ 4 l  F 28 
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”“g 
MECHANICAL TECHNOL( 

& Y $  * 1 PLI41 F 2 8  )GY INCORPORATED 

Description 

I 
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011 t ys (PL141F28 
sheet 3 of 4- 

Title PARTS L I S T  FOR 4 

PANEL A S S E M B L Y  PL141F28 
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sheet 4 
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PLM-I F02 

I 

ijit, v PI- I4 I F02 MECHANICAL TECHNOLOGY INCORPORATED 

A S S E M B L Y  
F 4  RESONANT PISTON COMPRESSOR 

4 17 SWM 1.41 E347 PI 
1 I 8  ~1~36 141 851 P I  

0 .  Name Description 
Part 

F L A R E D  TUBE 
c R o c .  5 

I I I 

I I I 
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sheet 4 of 4 
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sheet 4 
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NOMENCLATURE 

A - area of drive-solenoid plunger pole face 
a - single amplitude of piston displacement (one-half the total piston stroke) 
b - width of one U-spring element 
C - radial clearance between piston and cylinder 

I 

E - modulus of elasticity of U-spring material 

F - single amplitude of fundamental harmonic of compressor driving force 
5- total axial force acting on solenoid plunger 
f - frequency of piston reciprocation 
h - thickness of U-spring element 

I 

I - d-c component of solenoid current 

i - instantaneous total solenoid current 

kp - effective pneumatic spring constant due to piston gas force 

L - length of straight section of U-spring element 

L - a-c inductance of drive solenoid coil 
n - number of U-spring elements 

P - total average compression power 

p - instantaneous total cylinder pressure 

8 

pa - platform ambient pressure 
41 - differential platform pressure; compressor pressure rise 

R - radius of U-spring element 
R - resistance of drive solenoid coil 

I t - time 
V - instantaneous cylinder volume 
w - weight of compressor reciprocating assembly 



I E- 2 

x - so lenoid  a x i a l  a i r  gap 

!3 - f l u x  dens i ty  i n  solenoid a x i a l  a i r  gap 

p - t ape r  parameter f o r  s e l f - ac t ing  p i s t o n  bear ings  

6 - dens i ty  of U-spring m a t e r i a l  

7 - o v e r a l l  compressor e f f i c i e n c y  based on i d e a l  a d i a b a t i c  compression process  

Q - U-spring bending stress 

0 - t o t a l  f l u x  i n  solenoid a x i a l  a i r  gap 

w - c i r c u l a r  (angular) frequency of p i s t o n  r ec ip roca t ion  

L 


